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PREFACE. 



This work is intended for all who desire to attain an accu- 
rate knowledge of Physical Science, without the profound 
methods of Mathematical investigation. Hence the expla- 
nations are studiously popular, and everywhere accompanied 
by diversified elucidations and examples, derived from 
conmion objects, wherein the principles are applied to the 
purposes of practical life. 

It has been the Author's especial aim to supply a manual 
of such physical knowledge as is required by the Medical 
and Law Students, the Engineer, the Artisan, the superior 
classes in Schools, and those who, before commencing a 
course of Mathematical Studies, may wish to take the 
widest and most commanding survey of the field of inquiry 
upon which they are about to enter. 

Great pains have been taken to render the work complete 
in all respects, and co-extensive with the actual state of the 
Sciences, according to the latest discoveries. 

Although the principles are here, in the main, developed 
and demonstrated in ordinary and popular language, mathe- 
matical symbols are occasionally used to express results 
more clearly and concisely. These, however, are never 
employed without previous explanation. 
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vili PREFACE. 

The present edition has been augmented by the introduc- 
tion of a vast number of illustrations of the application 
of the various branches of Physics to the Industrial Arts, 
and to the practical business of life. Many hundred en- 
gravings have also been added to those, already numerous, 
of the former edition. 

For the convenience of the reader the series has been 
divided into Four Treatises, which may be obtained sepa- 
rately. 

Mechanics . . . . One Volume. 

Htdbostatics, Pneumatics, and Heat . One Volume. 

Optics ..... One Volume. 

Elegtbicitt, Magnetism, and Acoustics . One Volume. 

The Four Volumes taken together will form a complete 
course of Natural Philosophy, sufficient not only for the 
highest degree of School education, but for that numerous 
class of University Students who, without aspiring to the 
attainment of Academic honours, desire to acquire that 
general knowledge of these Sciences which is necessary 
to entitle them to graduate, and, in the present state of 
society, is expected in all well educated persons* 
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OPTICS. 



CHAPTER I- 



1. Liear is the pbyaicttl agent bj which the external world is 
rendered manifeat to the sense at sight. Opinion has long been 
dirided as to its nature; one party has regarded it sa a specific 
fluid, twother as the effect of undulation. The former consider 
&»t the eje is affected b; light as the sense of smell is affected b; 
the odoriferous efflavia ; the latter miuntaiii that light is to the eje 
what strand is to the ear. Before these theories, however, can be 
nndenitood, or their claims to adoption be appreciated, it will be 
BeceaiftTj that the chief properties of light, and the phenomena 
consequent upon them, be explained. 

I. Bvdle* lomliioBa bdA nan-Ininliioiu. — In relation to the 
productioo of light, bodies are considered aa luminoua aud non- 
hunlnons. Luminous bodies, or lumimuies, are those which are 
orif^nttl sources of light; such, for example, as the sun, the flame 
of s Ump or candle, metal rendered red hot, the electiic apartc, 
BgbtniDg, and so forth. Luminaries ore necessarilj always visible 
lAeti present, provided the light thej emit be strong enough to 
csoite the eye. Non-luminous bodies are those which themselves 
ptXldDO! no light, but which may be rendered temporarily lumi- 
flooa when placed in the presence of Inmlnous bodies. These 
CMM, however, to be luminous, an-d therefore visible, the moment 
Ifat Iwmnary from which they borrow their light is removed. 
Ibtti the Buo, placed in the midst of the planets, satellites, and 
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t, renders tKese bodies luminous and visible ; but when a 
of them are removed from the solar infliienee by tbe interpositit 
of any object not pervious by lifiht, they cease to be visible, aa 
manifest in ihe case of lanar eclipses, when the globe of the eiullf 
ia interposed between the sun und moon, aod the latter object il 
therefore deprived of light. A candle or lamp placed in the n 
renders the walls, furniture, and sarrounding objects temporaiill 
luminous, and therefore visible ; but if the candle be screened h 
any object not pervious to light, those parts of the room froi 
vrhich light is intercepted would become invisible, did tbej dq 
receive some light from the other parts of the room still illuiai« 
nuted. If, however, the candle or lamp be completely covered, at£ 
the objects in the room become invisible. 

3. TranaparcDOr and opadty. — In relation to the propa- 
gation of li^ht, bodies are considered as transparent and opaque^ 
Bodies through which li^ht passes freely are called transparentf 
because the eye placed behind them will see such light througlK 
them. Bodies, on the contrary, which do not admit light to pas> 
through them, are called opaque i and such bodies consequent!* 
render a luminary invisible if interposed between it and tlie eye. 

Transparency and opacity e.itat in varioua bodies in different' 
decrees. Glass, air, and water are examples of very t! 
bodies. The metals, atone, e^rtfa, wood, &c. are exaraj^^ 
opaque bodies. Correctly speaking, no body is perfectly t 
parent or perfectly opaque. 

4. There is no substance, however transparent, which does not 
intercept some portion of light, however small. The light i 
tJius intercepted in two ways : first, when it falls upon the so^ 
face of any body or medium, a portion is arrested, and either ab% 
sorbed upon the surface, or reflected bock from it; the remaiiw 
der passes through the body or medium, but in so passing man 
or less is absorbed, and this increases according to the extent a 
the medium through which the light passes. Analogy, therefor^ 
justiSes the conclusion tJiat there is no transparent medium wlue^ 
if sufficiently extensive, would not absorb all the light which pasa 

A very thin plate of glass is almost perfectly transparent; 
thicker is less so, and according as the thickness b increased, tl 
transparency will be diminished. The distinctness with whit 
objects are seen through the air diminishes as their distant 
incre'ases, because more or less of the light transmitted from the: 
is absorbed in its progress through the atmosphere. This is tl 
with the sun, moim, and other celestial objects, which, 
near the horizon, are more dim, however clear the utmos, 
may be, than when seen in the zenith. In the former cue th( 
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light transmitted from them pasaea through a. greater mass of 
lUuoaphere, and more of it ia absorbed. According to Bouguer, 
ea water at about the depth of 700 fiwt would lose all itii trans- 

parencj, and the almospbere would be Impervious to the sun'a 

light if it had a depth of 700 miles. 

5. The tramparcDcy of the same subetance varies itccording to 
the density of its structure, the traQspareney generally increneing 
wltli the density. Thus, charcoal is opaque ; but if the same 
uborcoal be coDverted into a diamond, which it may be, without 
any change of the matter of which it Is composed, it will become 
transparent. 

Bodies are said to be imperfectly transparent, or semi-triuis- 
parent, when light passes througli them so imperfectly that the 
forms and colours of the objects behind them cannot be distio- 
goished. Ground glass, paper, and thin tissues in general, foggy 
air, the douds, ham, and various species of shell, such as tortoise' 
shell, are examples of this. 

The dc^;rees of this imperfect transparency arc infinitely various ; 

me subatances, such as born, being so nearly transparent as to 
render the form of a luminous object behind it indistinctly visible. 
Foroiu bodies, which are impeHectly transparent, usually have 
ibeir transparency increased by filling their pores with some trans- 
parent liquid. Thus paper, whicb is imperfectly transparent, is 
rendered much more transparent by saturating it with oil, or by 
wetting it with any liquid. The variety of opal called hydrophane 
ia white and opaque when dry, but nben saturated with water it 
becomea transparenL Ground gtoes is rendered more transparent 
by pouring oil upon it. Two plates of ground glass placed one 
npoa tie other are very imperfectly transparent; but if the space 
between them be lilled with oil, and their ejitemal surfaces be 
rubbed with the same liquid, (hey will be rendered nearly trans- 
parsnt. 

6. Bodies, however opaque, lose their perfect opacity when 
reduced Ut the form of extremely attenuated laminae. Gold, one 
of tfae most dense of metals, is, in a state of ordinary thickness, 
porfeotly opaque ; but if it be reduced to the form of leaf-gold by 
the process of the gold-beater, and attached to a plate of glass, 
light will pass partially through it, and to an eye placed behind it, 
h will appear of a greenish colour. Other metals, when equally 
tttennaled, show the same imperfect opacity. 
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7- XeotUlneiU' proparatloii of IlKlit. — One of the first pro* 
perticB recognised in ligiil by universal ohservation and experience 
ia, that wlien transmitted through a uniform nedium, it maintBins 
a rectiliDear course. 

A luminous point is a centre from nhicli light issues in 
direction through the surrounding space in straight lines. ThiS' 
effect of rectilinear propagation in aJI directions from a common 
centre is called radialioti. 

An^ straight line along which light is transmitted is called a ray 
of light. Any point from which rajs of light radiate through th» 
surrounding space, is called a l-uaanous point. 

The rectilinear propagation of light is eetabllshed by numerous 
examples, and hy a vast variety of effects, of which it aflorda the 
explanation. If any opaque object be interposed in a right li 
between tbe eye and a luminous point, the luminous point w 
cease to be visible ; but if the opaque object be removed in i 
slightest degree from tbe direct line between the eye and tirit 
luminous point, the latter will become immediately visible. 

This law, in its strictest sense, may be verified by the following 
experiment. Let three discs he pierced, each with a small holaf 
and let them be attached to a stnught rod, in such a manne 
tbe three holes shall be preciaely in the same straight line, ani^ 
consequently, at the same distance from the rod. If a light bi 
placed .behind one of the extreme discs, and the eye behind tl 
others, tbe light will be visible. The ray, therefore, which rendei 
it visible, must pass successively through the holes in the two Bi 
treme discs, and in the intermediate disc ; but if the intermedial 
disc he slightly moved on either side, or upwards or downwardg 
or, in B word, have its position deranged in any manner, so thai 
thread stretched betw^n the holes in the extreme discs would n 
pass through the hole ^ the intermediate disc, then the light w 
be no longer visible, j 

8. Alxa depeodf on tills. — The rectilinear propagation c 
light supplies the means of directing all forms of artificial instru- 
ments at a distant object. These instruments and tbe particulw 
form given to the expedients by which they arc aimed, are e 
tremely various, being extensively used in gunnery, surveying, a 
in practical astronomy. 
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g, StKtiti- — One of the earliest and most simple of these espe- 
iienls coDsiated in two narrow slits formed in pieces of card or 
thin metal fixed at right angles to an oblong board, as shona in 



The observer, placing his eya buhind one of these slit9, adjusted 
the board 90 that the object aimed at was seen through the other 
slit; a straight line drawn along the board, between the two slits, 
mold in that case be ibe line of direction of the object. 

An improvement on this expedient was adopted, in which a thin 
upright wire, b. Jig. z., was substituted for the slit, 1 




firom the eye. The observer, placing bis eye behind the slit a, 90 
dir«ct«d the board, that the object aimed at was divided along the 
middle of its breadth by the pia b, or noi covered, as it waa 
teohnically called. 

■ o. Bllle •booting'. — This method of aim is still preserved in 
the improved rifle. Upon the top of the barrel and near its breech 
u plaJed al right angles to it a flat plate of metal, a,^^, 3., in 




ii the xlit is made, and near the end of the barrel a pia or 
b is placed, so that the marksman, placing his eye in the usual 
i the knob b through the slit a, and holds the gun so 
e knob overs the object aimed at. 
t, since while the ball is projected from the gun, it is also 
d by gruvity, it will necessarily fall more or lesa in the 
d between the moment it lea-ves the barrel and that at which 
re* at a vertical line passing through the object. It would, 
~ "» ttat line t % pwnt below that to vbic^ tine toft 
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of aim was directed. To remedy this, 
adopted, bf which the markamui can change the eleTstion of tl 
ilit, according to the computed distance of the object, »» thkt tl 
line of aim, a B,jig. 4., shall b« inclined lo the axis of the bxTi 




The latter will then be directed above the line of um to sadi u 
extent that the ball, io moving from the barrel to the object, wil 
describe a curve concave dovnwards, first rising and then faUingi 
thus compensating for the effects of gravitj, and bitting the objed 
point blank. 

It. Aatntnomlcal Instnunenta. — In most astronomical o 
scrvaliona, the direction of the objects which are observed if 
referred lo the /enith, that is-, the point of the heavens directlj 
Over the head of the observer, to which a plumb-line, if cootiaiui 
upwards, would be directed. Before the invention of telescope^ 
Buch observatiooB were made Irf taking the direction of the object 
by means similar to those explained above. 

1 z. Qnttdnuit. — 
instrument called a quad 
rant, in the form in wl ' 
it ffas used bj the c 
brated Danidi astro 
mer, Tycho Brahe, ] 
shown in Jig. 5. It CCt) 
sisted of a graduated tat 
tal arch connected wi6 
two radii, the arch beioj 
90°, and the radii, c 
quently, at right angle 
to each other. The in 
strument was adjust^ 
hj means of a plumb-lini 
so that one radius in 
vtTtical and the oth« 
hrjrizuulal. It was sup 
ported on a vertical jhI 
iur, which Btood in 
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horiiontal circle ind was capable of turning horizanUlly, sn that 
tie plane of the quadiant could be directed to aoj point of the 
homon. 

An oblnng slip of board, aucli aa that shown in ^. i., wm 
kttaobed to the quadrant, one end turning on a pin at its centre, 
while the other moved upon ils arc. The observer, having turned 
tbe quiulrant bj the boriEontal motion in the direction of the 
object l« be observed, placing hia eje behind the slit at the centre, 
moved the oblong board elong the arc until he could aee the 
object through tlie remote slit. The arc of the quadrant between 
the remote slit and the vertical radius would then be the angula* 
distmee of the object from the zenith, and ihe arc between it 
ind die hiKizontal radius would he ita an^kr distuncK from the 
liorizoiu 

13. XweUlDc InMmment. — The 
name expedient ia still u«ed in the ruder 
sort of surveying operations whew 
great precision ia not required. The 
form of instrument geuerally used fur 
this purpose consists of a horizontal 
circle, supported on a tripod carrying 
upright pieces, having slits with ver- 
tical wirea pasaing along them as shown 
m/g.6. 

The method of using this inatrutnent 
will be sufficiently obvious without fur- 
tlier explanation. 

14. Pencil of rft7>. — Any collectjou 
of raya having a luminous point as their 
common origin, and included within the 
surface of a cone or any other regular 

timit, is called a peneil of rayi. The point from wliich such ray» 
diverge, and which ia the apex of the cone, is called the Ibcus of 
the pencil. 

When the surface of any object receives light from a luminouB 
point, it is customary to consider each portion of such silrlace as 
the base of a pencil of rays, the foem nf whith is the luminous 
point, so that the illuminated surface of any body is considered as 
cmnposed of the bases of a number of pencils of rays having the 
luniinuQ* point U their common fuous. 

WlieD raya radiate from a luminous point in this manner, they 
■r« called Hitcrgent. But cases will bo shown hereafter, in whicli 
tach raya may be so changed in their direction thai, instead of 
diverging from iho same point, they will converge to it common 




OPTICS. 

converging peacila, and the poin t towards nhicli the rays conTO^e;'^ 
and at which they would meet if not intercepted, ia called the /o 
uf the pencil. 

1 ;. BbaAann. — When light radiating irom a luminuua point 
through the surrounding apace encounters an opaque bodj, it will 
be excluded tVom the space behind such body. The space from 
which it is thus excluded is called the iliadow of the opaque bodj-. 

This term shadtm is sometimea applied, not to the space &faa- 
which the light ia thus excluded, but to a section of such spac^. 
formed upon the sur&ce of some body placed behiud the optugue. 
body which intercepts the light. Thus, the floor or wall of a 
intersecting the space from which light is excluded by an opaqoft' 
body placed between such wall or floor and a luminary wiQ exhibit, 
a dark figure, resembling more or less in outline the body whidt 
intercepts tbe light. 

If a straight line be imagined to be drawn from the lumi 
point to tbe boundary of the opaque body, and to be continued 
beyond it indefinitely, such line being imagined to be moved round 
the opaque body, following its limitB and its form, that part of the 
line which is beyond the body will pass through a surface which 
will form the limits of the shadow of audi body, or of the apace 
from which it excludes the light. If such line, however, encounter 
a wall, screen, or other surface, it will trace upon such surface the 
limits of the ehadow, in the common acceptation of that term. 

If the opaque object be a sphere, whose section, taken at rtghi, 
angles ta the direction of the luminous pencil, is a circle, the 
shadow will be a truncated cone. Thus, in^. 7., if i. represent 





s point, B b' being an opaque spherical 
will be excluded by b b' from all that part of 
i( M ii| which ii included between the lines 



trical body, the light^f 
a cone whose vert«xH 
at, and a- 1'. lUfl 



l6. This givys r 
more fullj' to eKplaii 
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effect IB readered more apparent in the perspective diagram given 

It the opaque object receiving the light Ironi the point i, hava 
toy other form (j^- 9<)i the foria of its shadow will depend on 
that of a section of it made by a plane at right angles to the 
direction of the rajs. Thus, if that eection be square, the form of 
the Bhadow projected upon a screen will also be square, and the 
■pace from which the light will be excluded vrill be a truncated 
quadrangular pyramid. 

There is, however, no luminary which, strictly speaking, is a, 
luminous point. All lumiuouB objects have a certain definite sur- 
fice of more or less extent, and consist therefore of an infinite 
number of luminous points. Now each luminous point of such a 
body lii the focus of an independent pencil of luminoun raji, and 
each such pencil encounterbg the opaque object will produce an 
independent shadow. 

' ' ' ! to phenomena which it is necessary here 

Let c D, (./^- lo.), represent the section of 
an opaque object, and let b a repre- 
sent the section of a luminary, b a 
will then consist of a line of lumi- 
nous points, from each of which a 
pendl of rays will issue. The pencil 
'I which issues from the point b, will 
encounter the object c », and the 
ii. ,0, extreme rays of the pencil grazing 

the edge of the object, will proceed 
on c B'' and d b", being the continuation of the lines 
Now it is evident ifaat the light proceeding from 
the point B will be excluded from the space Included between the 
lines c b' and d u", 

la like manner it mny be shown that the light issuing from the 
punt Ji trill be excluded from the space included between the lines 
It will also be easily perceived that the light pro- 
ceeding from all the luminous points from a to b will be excluded 
from tlie.spuL'e included between the lines c b' and d a" ; while 
Biore or less of such light, according to the position of the lumi- 
la points, will enter the space included between thu lines c a' 
, Ha', and the lines da" Hnd i> a'' respectively. The space, 
.^.[ttfiiro, included between the lines c n' and n a'', from which 
^ Wtire light of the Inmmary a b is excluded, is called the umbra. 
OF ■bM>lul4? shadow; while the spaces included between ux' and 
iC wf and between o a'' and v a", frum which the light of the lumi- 
jnly partially excluded, is colled the fenumbra, or 




m ihe dire 
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If a screen be fixed behind the body c d, the shadow and pen- 
umbra will be caat upon it, and. will be perceptible. At b' and 4'', 
the boundaries between the Ehadow and the penumbra, the limit 
of shadow will be scarcely discernible, and the shadow will become 
gradually leas dark, proceeding front such points to the points A? 
and s", which are the limits of the penumbra. The points \' 
and b'' respecrively receive light from all the points between A- 
ftnd B, but a point below a' receives no light from the point 
from the points immediately above it. 

In like manner the points immediately above n" receive no light 
from the point b, or the points immediately below it ; and as we 
proceed onwards along the penumbra, the nearer we appro«ch to 
the limits b' and a", the less will be the number of luminous points 
of the luminary a b from which light will be received. Hence il' 
is, that the obscurity of the penumbra augments by degrees ni 
proceeding from its outward limits to the limits of the 
where the obscurity becomes complete. 

The effect of the penumbra is rendered more apparent by tha 
perspective diagram (Jig. 1 1 .), where s 3' is the hiii 




opaque body, mm' the shadow, and the faint band 
penumbra. 

17. When an objeot is placed with ita principal plane parallel 
to the plane of a screen, both being at right angles 
nf rays which proceeds from the luminary, the outline of ti 
shadow will resemble the outline of the object ; but if the peni 
falls obliquely on the object, or if the screen be not parallel to It 
then the form and dimensions of the shadow will be distflrted, tl 
relative proportions and directions being different from those d 
the object. 

When the sun is near the horizon, the shadow of an oljeC 
standing vertically, which Is cast upon a vertical wail, will presen 
the form of the object with but little distortion, but the shadoV 
which is cast upon the level ground will be disproportionallm 
dongBted. 
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tS. The ititenslty of ligkl uikieh umcs Jrom a Ittminout point 
diminUhes in the same proportion as the square of Ike di/lance from 
lacA point increases. 

This is a common property of all radiation. The intensity of 
the light at any point is in the direct proportion of the number 
of rays which fall upon a surface of given tnltjrnitudc, or in the 
inrerse proportion of the surface over which a given number of 
rays are diffused, 

Nov let us suppose a luminoue point radiating in ■!! directions 
round it to bo the centre of a sphere. Let two spheres be imagined, 
having the luminous point as a common centre, the radius of 
one being double the radius of the other. The surface of the 
greater sphere will be therefore twice as far from the luminous 
point as the surface of the lesser sphere ; and since the surfaces of 
spheres are in the ratio of the aquares of their radii, the surface 
of rfie greater sphere will be four times that of the lesser. Now 
since all the light issuing from the luminous point is diffused over 
the snrfsce of each sphere, it is clear that its density on the sur- 
face of the lesser sphere will be greater than its density on the 
surface of the greater sphere, in the exact proportion of the mag- 
nitude of the surface of the greater sphere to the magnitude of 
the surface of the lesser sphere, that is, in the present example, as 
4 to I. In general it is evident, therefore, that the superficial 
Rpioe over which the rays issuing from a luminous point are dif- 
IWd, ii in the inverse proportion of the si[uares of the distances 
ftmn the luminous point. 

11, therefore, any opaque surface be presented at right angles 
to the rays procewling from a luminous point, the intensity of 
du Hlmnination which it reoeives will be increased iu the same 
proportion as the square of its distance from its luminous point is 
tfntiniahed. 

Knee, then, the intensity of the light proceeding from each 
laminoua point is inversely as the square of the distance from such 
|M»iit, it follows that the intensity of the light proceeding from any 
luminary will depend conjointly on, first, the number of luminous 
points upon the luniinsry, or, what is the same, the magnitude of 
th« luminous surface ; secondly, on the intensity of the light of 
Moh luminous point composing such surface ; and thirdly, upon 
the distance from the luminary at which the illuminated object is 
piKed. 

19. The absolute brilliancy of each luminous point composing 
Utj luDlinoiis object is called the absolute intensity of its light. 
.Let Uds be expressed by 1. Let the number of luminous points 
or the nugnitudc of its luminous surface, be expressed 
(lie,il^iM>ii» of i^iUununMed object itomt.bAlusu.-_ 
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Lt olker worda, tbe briffisner ofthe iE 
to the abwJnte iUoMitj of ibe Inmiiiarf mtdOfbei bj tbe mag- 
nifaidc of ito gimnimuh^ torface, and dhidedbrlbeBqaareof tbe 
^MMwe of tbe illnmtiuted dbfcet from it. 

xo. It if bere nqipowd, bcnrerer, tiiat tbeiDitininstedmr&eeia 
pUced at ri^ ui^e* to dw ra^ of l^it, w vonld be tbe oms 
witb tbe fiirfitee of s^iheK forroandiiig Khnninotu centre; but 
i* it leldom hqipm* tbat tbe huninoo* for&ce bn cxk^ tfaia 
pOfition, it ii neceaMiy to inquire in iriut nuimer tbe br^tnen 
0f tbe illuiniiuitiaD irill be affected bj itt oUiqoi^ to tbe nqr* (tf 
lif^ falling upon it. 

Let XT (^. iz.)bespeiid]of rajtawbicbweihallbeTenq^MMe 
to be parallel ; aad let a ■ be a aitrface on whicb tbeae ntT* &11. 
Let this mrfkce be tu[^»aed to be capable ^ 
being turned upon tbe point a as a centre or 
hinge, *o as to assume different obliqnitiea in 
relation to tbe raji. If it were in the pontion 
A B, at rigbt angles to tbe direction of the 
rajs, it would receive upon it all the rajs 
included between tbe lines a x and Br. If 
it be in tbe position a b', it will receive upon 
it onlj the rajs included between the Imea 
' A X and b' t'. If it be in the position a b", it 
will receive upon it onlj the rajs included 
between the line* A x and b" t". Again, if 
it be in the position a b"', it will receive upon 
it onlj the rays which are included between 
the linei a i and b'" t"', 
rif. II. Thus it is quite ^iparent tbat as the obli- 

quity of the lurface upon whicb the rays fall 
to the direction of the rays is increased, the number of rays inci- 
dent u|Kin such surface will be diminished, and that this diminn-' 
tion will be in the proportion of the distances b' z', b" %", b'" z"', 
&c. These lines are called in geometry the nnei of the angles 
furmcdby lhesurfacceB'A,B"A,&c.,with the direction of tbe rays. 
It follows, therefore, that the intensity of tbe illumination pro- 
duced upon a given surface bj a given pencil of rayo wilt diminish 
in the same proportion as the sine of the angle of obliquity of 
such surface to tbe direction of the rays is diminiabed, that tbe 
illumination is greatest when the surface is at right angles to tbe 
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njK, and gradually diminishes until the surface is in the direction 
of the nya, when it ceases altogether to be illuminuted. 

21. If two luminaries, having equal luminous surfaces at equal 
distances from the same white opaque surface, placed at the same 
angle with the rays, shed lights of equal brightness on such but- 
fai^e, it follows that their absolute iotensities must be equal. 

In that case, the distances and the luminous surfaces being 
respectively equal, there is no other condition which can nSect the 
illnminatjan, except the intensity of the light proceeding from each 
luminous point; and sinoe, therefore, the illuminations are equal, 
tliese tntensitiea-must be equal. 

If, on the contrary, two such luminaries so placed produce 
difierent degrees of illumination on the same surface, their abso- 
lute intensities must be different, and must be in the proportion 
of the illuminations they produce. If in this case that luminary 
which produces the more feeble illumination be moved towards 
the iUumitiBted object, until its proximity is incremed, so that it 
produces an illumination equal ta that of the other luminary, then 
die absolute intensity of the two luminaries will be as the squares 
of their distances. This may be demonstrated lu follows : — 

JjCt B express the biilliancy of the illumination produced by 
the two luminaries. Let s express the conunon magnitude of their 
luminona surfaces. Let I and i' express their intensities, and let 
9 and d' express those distances which render their illuminations 
equal; we shall then have for the one 



and toT the other, 



consequently, we shall hare 



i consequently. 



ai. Vtaototnetrj-. — The art of measuring the Jntenaty of light 
by oliservatioo is called photometry, and the instruments or expe- 
lUenta serving this purpose are colled photometers. 

The most simple form of photometer is that whicli may be called 
tlM nu!thod of shadows, and which is founded upon the principle 
wbich lias just been demonstrutcil, — that with equal illumination 
the intensity of the light is directly as the square of the distance 
of the luminary. 

15. VboMmster by ahaitoTa. — This photometric npparatuf, 
invention of which is dne to Count EumEcnd, codsuIW <Jl ^ 




In oUicr words, th> 

tu thu absolnte inii-i» 
nllude of iuilluiniii. 
distance of thu illui> 
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placed at right fii ,^ 
witti tbe sarface of a 
M it eeldum hnppcat 
position, it is nci(w«^ 
of the illumiiiatiuii 
light filling upuii i 

to be pariinel ; an 
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10 of grounil gla»s it Ulumlimted onl^ bj one or other ot 
Tbe shadows of the roda a and s' appear 
cordiiig as the pities of ground gluts are 
dr QluminBted. The position of Ihe two lights is so regu- 
t the shadows shall appear equally strong. The relative 
f of the lights is then ftiiind as before. 

luBtBtoiia'a photometar. — This instrument, which Is 
in^. 14., consists of a small hall b fixed upon a disc, 
on the SJcis of which is a pinion p 
working in the teeth of a wheel, 
w. This pinion is supported upon 
an arm attaclied 

ing through the centre of the 
wheel w, to wliieh revolution is 
given by a winch h, placed under 
the instrument. 

When the winch is turned, the 
s carried round the 
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white screen fi^ed in a Terticul poatttoni Imving a. sdibI] opaque Ti 
placed at a short distance from it, also in a v^tical position. The 
screen, rod, and the two lights- whoso powers ore to be compared 
are so placed relativelj to each other, that the two shadows of thfti 
rod formed by the two luminaries on the screen shall just toucln 
without overlaying each otlier. Under the?e cirauiastances, it ia 
evident that the space on the svreen occupied hy the shadow pro-i 
ceeding from each luminary, will be illuminated by the other' 
luminary Thus, two spaces on the screen are exhibited in juxt»-' 
position, each of which is illuminated by one of tbe lurainariei 
intlepen<ient of the other. It will at first he found that these V 
spaces will be unequally bright. The position of the luminaries, 
or of the screen or rod, must then, one or all, be changed until tha- 
two shallows, being still kept in juxtaposition, appear t 
equally bright, bo as to present a uniform shadow. Let thei 
distance of the two luminaries from the shadows be then measured, 
and it will follow, according to the principle that has been 
already established, that the intensity of the two luminaries will be 
OS the bquares of these distances. 

If in this cane the two luminaries have equal luminous eur&cei,' 
their absolute intensities will be in the ratio of the squares of thmi 
distances; but if either luminous surface be unequal, the square 
of the distances will represent the proportion, not of their absolut 
intensities, but of the products of their absolute intensity multi 
plied by their luminous surface, 

24. Knmfard'a pbotometer. — This is sometimes construct! 
03 shown in_/^. 13., consisting of two plates of ground glai 





having an opaque partition between them. Two opa<]uu vvri 
rods, sand s', are placed opposite these plates, and the two lu 

re platied opposite each rod, in such a position that 
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eacli plate of ground glass is illuminated onlj by one 
the lights. The shadows of tbe rods a and e' appear more or less 
strong, according us the plates of ground gliLsa are more or leas 
iotensel; illuminated. The positioo of the two llgbts is so regu- 
lated that the sbudows shall appear equally strong. Tbe relative 
intensity of the lights is then Ibund as before. 

25. TnieBMtoue'a pbotomeMr. — This instrument, which is 
represented in ,7^. 14-, consists of n smaJl boll b fixed upon a. disc, 
II am the axis of which ia a pinion p 

working in the teeth of a wheel, 
w. This pioion is supported upon 

attached U 
ing throGgh the centre of the 
wheel w, to which revolution Is 
given by a wineh H, placed under 
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a contiooouB line of light, as a lighted stjok does when wbirled 
a circle. Two similjir looped curves, as shown at c D, >n_fig. 1 1 
will thus be produced, each eansiating of a luminous line. TTifl 
distances of tlie light irom the ball b must then be so adjusted,, 
that tlie two luminous curves ahall appear with precisely equrf. 
brightness. lo that case, the relative intensities of the lights wilt 
be found by the method espluned above. 

z6. mltabie'a pbotometer. — Another photometer, on a umple 
and beautiful principle, proposed by the late Professor Ritchie^ 
and represented in ^g. 1 6., consists of a rectangular box about 
inch and a half or t 
inches wide, and ei{;ht 
inches long, open at both 
ends, and blackened m, 
the middle. In tlie cw 
tre of its length 
surfaces placed at right 
angles with each othefr 
and at an angle of 45'" 
with the bottom of the 
bo3t. Upon these s 
pig, ,6, faces white paper 

pasted. A round hole 
is made in the top of the box immediately over the line formed bj 
the edges of the paper, ho that an eye looking in at this hole nuq 
see equally the two surfaces of paper. To compare two lights, 
instrument is placed in such a manner before them that each mv 
illuminate one of the pieces of paper. The distance of the ligb' 
from the surfaces of the paper are then to be so adjusted by sui 
cessive trials that the two surfaces of paper shall appear to the e] 
of uniform brightness. In that case, the illumination of the sm 
faces being the same, the illuminating powers of the luminarii 
will be in the same proportion as the squares of their distances fro 
the paper, the principle of this being the same as that of tt 
photometer of Count Rumford. 

In this and all suuilar exfierimcnts, the colour of the ligl 
exercises a material influence on the results ; and the comparatii 
brilliancy cannot be ascertained with any precision, unless the t« 
luminaries give light of nearly the same colour. 

When it is desired to ascertun the absolute intensities of tl 
lights, it is, as has been stated, necessary to expose equal ij 
Dating surfaces to the photometric apparatus ; but as it is ni 
always easy to produce luminaries havbg surfaces exactly eqnl 
this object may be attained by the following expedient : — Let tt 
opaque screens, Lavbg holes in them of exactly equal magnitud 
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)e placed near and exnctlj opposite to the middle of each luminous 
inrface. The rajs of light wbich pasa through the two apertures 
rill in such caac proceed from equal portions of the surfaces of the 
[uminariea, and the result of the experiment nill therefore 
w the absolute lutensities. 
27. ZntenaltT of >olu- llcbt. — The sun produces the most 
tense illumination with which we are acquainted. Thia arises 
■rtly firom the absolute intensity of that lumiaarj, and partly 
llie vast extent of his luminous surface. The diameter of 
D is very near a million of miles, and consequently, being a 
E, the superficial ostent of his surface is about three billions 
( gqa»re nulesj but as one half the surface only is presented to 
m at wiy one time, the magnitude of it will be a billion and 
)half of square milea. 

18. Beotrle IlEbt. — The moat brilliant artificial light yet 
irodnced is inferior to the splendour of solar light in an incredible 
tvportioD. The brightest artificial lights are tho^ produced by 
e contact of eharcoal points, thraugh which s galvanic current 
lases, wid by lime submitted to the heating povrer of the oxy- 
lydrngen blowpipe. These Ughts, when projected ou the disc of 
*ie nin, appear, nevertheless, as black spots. 
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f. B«>eotlan TBrles BcoarOlnr to the analltT' of tlie 

■Am«. — When rays of light encounter the surface of an opaijue 
ody. Ihey are arrested in Iheir progress, such surfaces not being 
nrtrable by them. A certain part of them, more or less accord- 
g to the ijuality of the surface and the nature of the body, U 
Mwbad, and the remaining part is driven back into the medium 
n wbtch the rays proceed. This recoil of the rays from the 
n which they sirike is called refiecHon, and the tight thus 
'nto tile same medium froin which it had arrived, is said 
nfieeU-d. 

TIm manucr in which the light is reflected from such a surface 
ecording as the surface is poliahed or unpolished, and 
g to the degree to which it is polished. 
Wa thall consider three cases : ist, that of a surface aWAiiVeVj 






for tl 
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unpolished i zndlj, that of a surface perfectly polbhed ; 
jrdly, that of a surface imperfectlj pol'mbeii. 

30. ReflflctloD Ttom nopallaliea anrfluMS. — If light fall 
B uniformly rough surface of an opaque body, each point of 
surface becomes the focua of o pencil of reflected ligbi, the 
Buch penail diverging equally in all directions from such 

The pencils which thui radiate from the tbHous points 
which render the surface viaible. If the light were not 
fleeted iadilFerently in all directions from each point of the: 
the surface woold not be visible, as it is frcioi whatever 
may be viewed. 

The light which is thus reflected from the various pcunts 
the surface of any opaque body, has the colour which ia 
imputed to the body. The conditions, however, which 
the colour of bodies will be fully explained hereafter ; 
present, it will be sufflcient to establish the fact that each 
the surface of an opaque body which is illuminated is an i; 
dent tbciia from which light radiates, having the colour p: 
such point, by which light each such point is rendered visible. 

3 1 . XireBiiha' rnffleotlon. — Thb mode of reflection, by 
the forms and qualities of all external objects are rendered 
fest to sight, haa been generally denominated, though not 
should aeem with strict j)roprietj, the irregular reflection of 
There is, nevertheless, nothing irregular io the character a 
phenomena. The direction nf the reflected rays is indepe 
each of the incident rays ; but such direction obeys the 
law of radiation. 

The existence of these radiant pencils proceeding from^ 
surface of any illuminated object, and their independent jt 
tion through the surrounding space, may be rendered still s 
manifest by the following experiment : — 

Let *B, _^g-. ly., be an illuminated object, placed before i 
window-shutter of a darkened room. Let c be a small hole mi 
in thij window- shutter, opposite ' 
centre of the object, 
parallel to the window-shutter, and t 
object at some distance from the holl 
an inverted picture of the object w311| 
upon it, in which the form 1 ' 
colour of the object will be pre 
the magnitude, however, of such pieti 
will vary according to the distance of 
. The less such distance, the less w" 





from the apertur 

the mi^;nitu<!e of the pictiu'e. 

31. The smaller the apertui 



c is, by which the light is admittd 



REFLECTION OF LIGHT 19 

■e distinct but the less luminous will be tbu picture. Tlie 
_if a small circular aperture in producing the image of ft 
at object is slii>nn in Jig. 1 S. 



We have here supposeiJ the "hape ot the aperture c to be circu- 
r, but the ibape does not aflect the production of the image, aa 
Kj be proved eiperuaen tally by providing a movable cover for 
e aperture, upc)Q which cards may be placed having in them 
|oles of different forma If a con lie as in fig. 19., be pluceit 




these hole^ Ibe image of the eandle will be equally dis- 

ttoeC whatever be the shape of the hale. 

• ' Thu effect is easily explained. According In what has been 
hdllli etat«d, each piHnt of the sur&ce of the illuminated object 
M (Av 17-) ><ft focus of B pencil of rays of light liaving the colour 
hcoMr to such point. Thus, ench portion of the pencil of rity!' 
rideb radiates from the point b, and has tbr its base the area of 
tlierture e, will pass through the aperture, and will continue its 
"' COT course until it arrives at the point h upon the screeu, 
It will produce an illuminated point corresponding in 
to tlic point B. In the same manner, the pencil divei^ing 
I. and passing through the aperture t, will produce an illu- 
" JHiint oa the screen at a, corresponding to the ^iot. k- 
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Each intermediate point of tbe object will produce 
upoiuling itlumLnutcd point on the screen. It is evident, 
that a aeriea of illuminated points corri^^ponding 
and colonr to those of the object will be formed upon the sci 
between a and i, their position, however, being inverted, the ptn 
which are highest in the object being lowest in the picture. 

These effeets may be witnessed in an iutemBting manner id i 
room which is exposed to n public thoroughfiEre frequented 
moving objects. Let the window- shutters be closed, and I 
interstices slopped, so as to exclude all light except that wh: 
enters through any BmaU hole in the shutters, and if no fai 
be found in the shutters sufficiently small, a piece of paper or at 
may be pasted over any eon'venient aperture, and a hole of t 
required magnitude pierced in it. Coloured inverted im^es 
all the objects passing before the window will thus be depicted 
a sereen conveniently placed. They will be exhibited on 1 
upposite wall of the room ; but unless the wall be white, 1 
rnlonrs will not be distinctly perceptible. The smaller the hi 
admitting the light is, the more distinct but the l^ss briglit I 
pictures will be. As the hole is enlarged the brightnesE increMC 
imt the distinctness diminishes. The ttant of distinctness arlKl I 
from the sputa of light on the screen, produced by each point of I 
the object overlayint; each other, so as to produce a cotifiue4 ^ 
effect, 

33. Surfaces differ from each other in the proportion of light 
which they reflect and absorb. In genera!, the lighter the colour, 
fitber things being the same, the more light will be teflected and 
the less absorbed, and the darker tbe colour the less will he 
reflected and the more absorbed ; but even fbe most intense black 
reflects some light. A surface of Hack velvet, 'i ne blackened 
with lamp-black, are among the darkest known, yet each of these 
reflects a certain quantity of rajs. That they do so we percave 
by the fact that they are visible. The eye recognises such surface* 
as differing from a dark aperture not occupied by any materiol 
surface, and it can only thus recognise the appearance of tbe 
material surface by the light which it reflects. The following 
experiment will render this more evident : — 

34. The dsepeat blnok rsflecU 10010 IlKbt, — Blacken the 
" iside of a tube, and fasten upon the extremity 

;mote from the eye a plate of glass. To the 
Entre of this plate of glass attach a circular 
J opaque disc, somewhat less in diameter than tbt 
' tube, BO that in looking through the tube a trans- 
parent ring will be visible, as represented in ^. 
In the centre of this ring will appear an 
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intetiself dark circular apace, being that occupied by the diac 
Attached to the gloss. 

Now let a piece of black velvet be held opposite the end of the 
tube, so aa to be visible through the transparent ring. If the 
Telvet reflected no light, then the transparent ring would become 
as dark as the diae in the centre ; but that will not be the case. 
The velvet will appear by coutrast with the disu, not black, but of 
K greyish cnlour, proving that a certain portion of light is reflected, 
which in this case is rendered perceptible by the removal of the 
brighter objects from the eye. 

JJ. Irregular reflection, as it has been so improperly called, h 
one of the properties of light which is most essential to the effi- 
ciency of vision. 

Widiout irregular reflection, light must be either absorbed by 
the surfaces on which it falb, or It must be regularly reflected. 
If the light which proceeds from luminous objects, natural or 
artificial, were absorbed by the Burfaces of objects not lumin- 
iiU9i then the only vialble objects in the universe would be the 
Buiii the stars, and artiliciol lights, such as flames. These 
luminiiries would, however, render nothing visible but them- 

If the light radiating from luminous objects were only reflected 
regularly from the surface of non-luminoua objects, these latter 
would still be invisible. They would have the etTect of so many 
mirrarai in which the images of the luminous objects only could 
ba beau Thus, in the day'time, tbe image of the sun would be 
reflected from tbe surface of all objects around us, as if they were 
cempowd of looking-glass, but the objects themselves would be 
lOTinble- The moon would be oa though it were a spherical 
mirror, in which tbe image of the sun only would be seen. A 
room tn which artificial lights were placeii would reflect these 
li^iU trof the walls and other objects around as if they were 
^WCiiIa, and all that would be visible would be the multiplied 
TcAoetioni of the artificial lights, 

Irr«gulsr reflection, then, alone renders the forms and qualities 
■ot objects visible. It is not, however, merely by the firet irre- 
^ar rellection of light proceeding from luminaries that this is 
■fleeted. Objects illumiaatud and ruitecting irregularly the light 
their surfaces, become themselves, so to apeak, secondary 
larie), by which other objects not within tbe direct influence 
at ftoy luminary are enlightened, and thus in their turn reflecting 
Vflbt irrc^larly from their aurfacex, illuminalo others, which again 
pirfi>nii tbe same part to another series of objeeta. Thus light is 
mrerberaled fntm object to object through an infinite aeries of 
render innumerable objects visible whlcU ve^ 
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altogether removed from the direct influence of any natm^ 
artificial source of light. 

36. Vae of ttie atmoapliere In (lUtkuliiE llRlit. — The globs 

of the earth is eurronnded with a mass of atmosphere extendin 
fortj or fifty milea above tbe surface. The mass of airnhich thn 
eovelopes the hemisphere of tbe earth presented towards the n 
is strongly illuminated by the solar light, and, like all other bodieM 
reflects irr^ularlj this light. Each particle of air thus beoomf 
luminous centre, from which light radiates in every direction. 
this manner tbe atntotiphere diffuses in sU directions tbe ligbt a 
the Bun by irregular reflection. Were it not for this, tbe si 
light could only penetrate those spaces which are directly » 
sible to his rays. Thus, the sun shining upon tbe window d 
an apartment would illuminate just bo much of that a 
BS would be exposed to his direct rays, the remainder being il 
darkness. But we find, on tbe contrary, that although that p ' 
of the room upon which the sun directly shines is more brillian 
illuminated than the surrounding parts, these latter are nevert] 
lesB strongly illuminated. All this light proceedH from the irr^^fl 
reflection of tbe mass of atmosphere just mentioned. 

37. But tbe solar light is further dilTused by being aj^ 
larty reflected fVom the surface of all the natural objects v 
which it falls. The ligbt thus irregularly reflected from tlie a 
falling upon all natural objects, is again reciprocally reflected tn 
one to another of these through an indefinite series of muttiptiei 
reflections, so as to produce tbat diffused and general illuminalii 
which is necessary for the purposes of viBion, 

Light and shade are relative terms, signifying only diflere 
degrees of illumination. There is no shade so dark into wbii 
some light does not penetrate. 

It is tbe same with artificial lights. A lamp placed in i 
illuminates directly all those objects accessible to its raje. 
objects reflect irregularly the ligbt incident upon tbem, and illu 
nate thus more fsjntly others which are removed from the din 
influence of the lamp, and thus, these again reflecting the liglt 
illuminate a third serieB still more faintly, and so on. 

38. imot of tlie Irresnlar relleotioii of lamii-aliadea 
When it is desired to difluse uniformly b; reflection the Un 
which radiateu from a luminary, the object is often m " "' 
attained by means of an unpolished opaque reflector than iij- 
polished one. White paper «r card answers this purpose ti 
effectuitlly. Shades formed into conicf.l surfaces placed O 
lamps are thus found to diffuse by reflection the ligbt in parlict 
directions, as in the case of billiard-tables or diuner-tables, wfael 
a unifonnty diflused light is required. A poliibed reflector, in 
lite aue, is found to difluse light much more unequally. 
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In the case of white paper or cu-d, each point becomes a centi'e 
of radiation, und a general and uniform iltiuninatlon is the conae- 
quenee. The light obtained hj reflec^tiun in such cases ia alwajs 
augmented by renderii^ the reflector perfectly opaque ; for if it 
'n any degree transparent, aa is aometimes the case with paper 
les put over lamps, the light which passes through them is 
necessarily subtracted from that which is reflected. 



}9. XeKiilar reflectloiu — By what has been juat explained, it 
appears that light reflected from rough and unpolished surfaces 
radiates from all the parts composing them, as from so many foci 
of divergent pendla. If, however, the suriace were absolutely 
smooth and perfectly polished, then totally diflerent phenomena 
would ensue, which have been denominated regvlar reflection. 

^. Surfaces which pusaeas this reflecting power in the highest 
degree ore calied mirrora or spfcnla. The most perfect specula 
are those composed of the metals, the beat being produced by 
various alloys <>f copper, silter, and zinc. If a glass plate be 
blackened on one side, the surface of the other will form, fur 
certain purposes, a good reflector, 
4.1. To explain the law of regular reflection, let c (J^. il.) be 
a pCMikt upon a reflecting surface a b, 
upon which a ray of ligkt ]> c is inci- 
dent. Draw the line c ■ perpen- 
dicular to the reflecting sur&ce at c ; 
the angle formed by this perpen- 
dicular, and the incident ray u c, ia 
called the angle of incidence. 

From the point c, draw a line c n' 
in the pltue of the angle of incidence 
1] c B. and farming witb the perpen- 
dicular c B aa angle n' c e equal to 
Uie angle of ini^idencc. but lying on the other side of the perpen- 
diralBT. This line c b' will be the direction in which the ray 
wilt be reflected from the point c- The angle n' c e is called the 
n^ 1^ rejlection. 

The pUoc oftlic angles of incidence and reflection which passes 
thmngh the two rays c d and c d', and through the perpendicular 
c M, and which is therefore at right angles to the reflecting sur- 
Uca, b called thepitme of reflection. 

lius law of regular reflection from perfectly polished surfaces, 
wliidi is o{ great importiuiue in the theory of light and visioni is 

1-* 
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When light is reflected Jrom a perfecdy polished surface^ the angle 
of incidence is equal to the angle of reflection, in the same plane with it, 
and on the opposite side of the perpendicular to the reflecting surface. 
From this law it follows that if a ray of light fall perpendicularly 
on a reflecting surface, it will be reflected back perpendicularly, 
and will return upon its path ; for in this case, the angle of inci- 
dence and the angle of reflection being both nothing, the reflected 
and incident rays must both coincide with the perpendicular. If 
the point c be upon a concave or convex surface, the same con- 
ditions will prevail; the line c e, which is perpendicular to the 
surface, being then what is called in geometry the normal. 

42. This law of reflection may be experimentally verified as 
follows : — 

Let cd& (Jig, 22.) be a graduated semicircle, placed with its 

diameter c c' horizontal. 
Let a plumb-line hdh^ 
suspended from its cen- 
tre 6, and let the gradu- 
ated arc be so adjusted 
that the plumb - line 
shall intersect it at the 
zero point of the di- 
vision, the divisions 
being numbered from 
that point in each di- 
rection towards c and 
&, Let a small reflector 
(a piece of looking- 
glass will answer the purpose) be placed upon the horizontal 
diameter at the centre with its reflecting surface downwards, and 
let any convenient and well-defined object be placed upon the 
graduated arc at any point, such as a, between d and c. Now, if 
the point a* be taken upon the arc d & 2X 9^ distance from d 
equsd to da, the eye placed at a' and directed to h will perceive 
the object a as if it were placed in the direction a' b. It follows, 
therefore, that the light issuing from the point of the object a in 
. the direction a 6 is reflected to the eye in the direction h a'. In 
this case the angle a 6 (f is the angle of incidence, and the angle 
d h c^ v& the angle of reflection ; and whatever position may be 
given to the object a, it will be found that, in order to see it in 
the reflector 6, the eye must be placed upon the arc £?(K at a dis- 
tance from d equal to the distance at which the object is placed 
from d upon the arc d c. 

The same principle may also be experimentally illustrated as 
follows : — 




Fig. £1. 
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1S a ray of eun liglit admitted into a dark room througli a email 
bole ia a nindow -shutter strike upon tbe eurftkce of a mirror, it 
will be reflected from it, and both the incident and reflectcil rays 
Till be rendered visible hy the particles of dust floating in the 
room. Bj comparing the direction of these two visible rays with 
the direction of the plane of tbe miiTor and the position of the 
point of incidence, it will be found that tbe law of reflection which 
hae been announced is verilieii. 

43. Vluie refleotatm. — If parallel rays be incident upon a 
polished plane reflecting surface, they will be reflected parallel ; 
lor since thej are parallel, they will make equal angles with the 
perpendiculars to the surface at their points of incidence, and the 
planes of these angles will also be parallel. The reflected rays will 
dierefore also make equal angles with tbe perpendiculars, and the 
planes of reflection will be parallel ; consequently, the reflectuil 
rays will be parallel. 

This may also be experiment ally verified by admitting rays of 
Bolar light into a dark room through two small apertures. Such 
rays will always be parallel ; anil if they are received upon a plane 
r their reflections will be found to be parallel, the rays and 
the reflections being rendered visible, as already explained, 

44. If a pencil of divergent i-aya fall upon a plane mirror, the 
Rflected ray« will also be divei^ent, and their focus will be a point 
behind the mirror similarly placed, and at the same distance, as 
Ae (buuB of incident rays is before it. To demonstrate this, let 

> (^J!g. 23.) be the reflecting surface. Let r be the focus 
of the incident pencil Irom 
which the raja fa, f n, f f, 
&c. diverge, and let f a be 
perpendicular to the reflect- 
ing surface a b. If we take 

T A equal to A f, and draw 
the line f'db' and x'c c', 
then it can easily be per- 
ceived that tbe lines b b' and 
c c' make angles with the re< 
fleiiting surface, and there- 
fore with the perpendicular to It, equal to the angles which the 
inddent rays f b and r c make with it respectively; for since A r 
ii «qual to A r', r a will be equal to f' b, and r c will be equal to 
r'c; conBe(|uently the angles b r a and n f*! will be equal, as 
will also the angles c f a and 1; f* a. But the angles b r a and 
A are tbe angles of incidence of the two rays f b and r c ; and 
B Ifae angles b r" a and c r' a are respeetively equal to tUwa, 
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and the ray F c in the direction c c'. These 
will be reflected from the points b and c as if 
radiated from r" as a focus ; and in the eamo 
mn that the other rays of ■ pencil diverging' 
ected from the mirror as if they had divei^ed. 
the point on the other aide of the aurror whidt; 
and at the liauie distance from the mirror as the 
fit. 

nsd by a pluie relleetor. — It follows, fronii 
explained, that an object placed before a pluWj 

an image at the same distance behind tb« 
ject ia before it; for the rays whidi divergs 

the object will, after reflection, accordiog to 
n, divei-ge from a point holding a uorresponduag 

er will produce the same effect as if they had, 
-om such point. All the rays, therefore, proi 
bject will, after reflection, follow those dji«c-' 

•e of a similar object placed behind the reflector 
ce BB the object itself is before it, and couw 
roduce the same effect on the organs of vision 
«d by a similar object placed as far behind the, 

itself is before it. 
be any point of a visible object pUced before a 
^^^^^^^^^ plane reflector m «. l*t 
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A B and A c be two rays 
diverging from it, and re- 
flected fi-ora B and c to aa 
eye at 0. After reflec- 
tion, they will proceed at 
if they had issued from t, 
point, 0, as far behind the 
reflector aa the point A ii 
before it ; th.at is to say, 
the distance A » wiU be 
cpmlto.N. \ 
It ia easy to verify thil, 
by taking into nccount the 
law of reflection already 
e^plninel^. If n i. be at 
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right angles to u h, tba 
angle d b will be equal 



REFLECTION. 



ij 



to B o If, am) also to d b a, and consequentlj to b a n, from whence 
it follows that B * IB equal to B a. and a x to a n ; and since the 
Btune will be true of all rays which isaue from a towards the re- 
flector, it follows that, after reflection, all such rays will enter the 
eye, o, as if they had divergeU from a. 

The eye o will therefore see the point A in the rrfector as if it 

'ill be true of each point in an object, 

■* ^ i'fig- *!■)' placed before the re- 
flector, it follows that the rays which 
proceed from the severa! points of 
the object will, after rBliection, enter 
the eye, as if they came from cor- 
responding points of B simitar object 
1 b, placed just as far behind the 
reflector as the objeot itself, A b, is 

It is eviilent that in this case the 
image nh \s not onlj similar to the 
object but precisely equal to it. Its 
position reiatiTely to the redect<»' is 
similur to that of the object, but in 
un abwiiite sense it is different, as 
Pj will be evident from observing that 

while the arrow, a a, points to the 
loft, its image, o b, points to the right. 

Tb« position of the dlfierent parts of the image formed in a 
plane reflector will be exactly determined by supposing perpendi' 
Oili«r» drawn from every point on the objeot to the reflector, and 
these perpendiculars to be continued beyond the reflector to dis- 
IMMS equal to those of the points from which they are drawn 
befiiro it. The extreniitie,4 of the perpendiculars so continued 
•ill tlien determine the corresponding points of the image- 
It follows from thia, that the images of objects in a plane reflector 
^>p««r trveli that is to say, the top of the image corresponds with 
de tAp of Ilie object, and the bottom of tlie tnuige with the bottom 
of tbe object. Bnt considered laterally with regard to the object 
itarfC tbcy will be inverted t that is to say, the left will become the 
right, and the right the left. This will be easily understood by 
considering that if a person stand with his face to a plane reflector, 
in ■ vertival position, his image will be presented with the face 
towards him, and ibe im:^ of his right hand will be on the right 
Hda of his image as he views it, but will be on the left side of the 
imi^ itielf, and the same will apply to every other part of the 
referenoe to the object. There iB, therefore, itrterot in- 
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If aicrff_^g-. l6.) be an object placed before! plane TedectOf^" 
tbe m&DDer in which its image is rendered visible will be under- 
stood by observing the couree pursued by the rays JBBuing from ' 
each part of the object, and reflected to the eje. Thus, a ray pro- 





ceeding from the foot d will be reflected to the eye a, as if it eame'' 
from d' i one proceeding from the leg c will be reflected to the eye 
as if it came from c' ; and so on . 

47. Tbe eSect of the lateral inversion produced by a, plane 
reflector ie rendered strikingly manifest by holding before it a 
printed book. On tbe image of the book all the letters will be 
reverseii. 

It follows also, from n-hat has been explained, that if an object 
be not parallel to a reflector, but forms an angle with it, theim^a 
will form ii like angle with it, aad will form double tbat angle with 
tbe direction of the object. 

' ' ine reflector, before which an object, 

c B, is placed. From c draw the 
perpendicular c o, and continue it 
from D to c', so that o c' shall be 
espial to o c. In like manner, draw 
the perpendicular d f, and continue 
it so that r d' shall be equal to p n. 
Then tbe image of c will be at c'l 
and the image of d at d', and the 
image of all the intervening poinU 
between c and d will be at poinu 
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'iatennediate between c' and d', aa that & d' shall be inclined to tbe 
reflector at the same anglu as c ii is Inclined to it, anil the object 
and tbe ini^e will be inclined to 'each other at twice the angle at 
which either is inclined ta the reflector. Hence, if an object in a 
horizontal position be reflected b^ a reflector forming an angle of 
4;° with the hurixon, its image will be in a vertical position ; and 
if the object being in a vertical poeition be reflected hj such a 
aiirror, its image will be in a horizontal position. 

If a reflector be placed at an angle of 45° with a wall, the image 
of the wall will be at right angles wilb tbe wall it»elf. If a reflector 
be homontal, tlie image of anj vertical object seen in it will be 
inverted. Examples of this are rendered fkmiliar by the effect of 
the calm surface of water. The country on the bank of a cnlm 
river or lake is seen inverted on its surface. 

48. lerltis of ImaEca fbrmed by two plane reSeotora. — If 
an object be placed between two parallel plane reflectors, a series 
of imageij will be produced lying on the straight line drawn through 
tbe object perpendicular to the reflector. Thin effect is seen in 
rooms where mirrors are placed on opposite and parallel walls, 
with a lustre or other object suspended between them. An intGr< 
imnable range of lustres is seen in each mirror, which lo9e them- 
■elves in the distance itnd by reason of their faintness. This 
bereased faintneea by multiplied reflection arises from the loss of 
bgbt caused in each successive reflection, and alBO from the in> 
creased apparent distance of the image, 

\et A. a and c a (Jig. zS.) be two parallel reflectors; let o be 
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Fig, 18. 

t placed midway between tbem. An image of o will be 
farmed at o' as far behind c d as o is before it, and another image 
will be formed at 0' as fiu* behind a b as o is before it. The image 
o', becoming an object to tbe mirror a d, will form in it another 
image o^ as far behind a b as o' is before it ; and in like manner tbe 
imtge a', becoming an object to tbe mirror c d, will forni an image 
o" aa far beliiad c d as 0' is befur* it. The imago o" and 0" will 
again become objects to tbe mirrors a b and c n respectively; and 
two other images will be formed at equal distances beyond these 
.iMtor. In tbe same way we thall have, by each pair of images 
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the respective mirrars, an indcGnite aerie* of I 
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becoming objects U 
equidigUot images. 

The distance between each successive pair of images will ba 
equal to the distance of the object o from either of the images o' or 
o', aod consequently to the diatajice between the mirrors. 

49. Xmafva repeatva At incUnail rofluitora. — A variety of 
iuteresting optical phenomena are produced by the multiplied 
reflection of plane mirrors inclined to each other at different angles. 
As all these phenomena may be explained upon the same principle, 
it will suffice here to give a single example. 

Let AD, A.c,Jig. 29., be two reflectors, inclined to each other at 
le, and let o be an object placed at a point between 
them, equally distant from each. From 
D dratr o u and o n perpendicular to 
A c and A B, and produce o h to o', so 
that u o' will be equal to h o ; and prO' 
duce -OM to o", so that ho" shall be 
equal to n o. Two images of the point 
o will be formed at o' and o". The 
image o' becoming an object to the 
mirror ab will have an image at a"' 
just as far behind ab as o' is before it; 
and, in like manner, the image o" becoming an object to the re- 
Aector ac, will baveau image just as far behind Ac as o" is before 
it ; but, in the present case, this latter image of o" in the reflector 
A c will coincide with the image of o' in the reflector a b, and trill 
appear at o'". Thus, the mirrors will present three images of the 
object o, which are placed at the angles of a square, of which the 
point A is the centre. 

In the same manner, if the reflectors a b and a c be placed at 
an angle which ia the eighth part of 360°, there will be formed 
seven itn^es of the point o, which, with the point o, wilt be placed 
at the eight angles of a regular octagon of which the pointA, wbere 
the mirrors meet, will be the centre ; and like results will be found 
by giving the mirrors other inclinations. 

5a, formation i>f ImaKea bjr reSeotinc ■urlkoBa in ronermL 
— In order that a reflectt>r should produce a distinct image of an 
object placed before it, it is necessary that the rays diverging from 
each point of the object should, after reflection, diverge from, or 
converge to, some common point. 

Thus, the surface of the object may be considered as an assem- 
blage of foci of an infinite number of pencils of incident rays. 
These pencils will, by reflection, be converted into other pencils, 
having other foci, the assemblage of which will determine the 
tbrm and magnitude of the lutftge of the object produced bj tlie 



KEFLECTION. 31 

reflector. In the ease of a plane reflector, it hot been shown 
that the assemblage of these foci correBponds in form and 
magnitude to the object, luid therefore the image is equal, and 
in all respects similar to the object; but this does not always 

51. The pencils of incident thjb may ba converted bj reflection 
into pencils of reflected rajs haviiig different foci, but the assem- 
blage of these foci may not correspond with the points forming the 
BOr&ce of t^e object. They ma^ be similar to it in form, but 
gnster in magnitude, in which CBS13 the reflector ia said to magnify 
tbeobjeet; or they may be similar to it in form and leas in mag- 
nitnde, in which case the reflector is said to diminish the object- 
In fine, they may assume such a form as to present the object in 
altered proportkms. Thus, while the proportion of the vertical 
dimensions is preserTcd, that of the horizontal dimensions may 
be increased or diminished, or cice versa ; or either of these 
ditucuBions may be differeotly increased at various points of the 
image. In such case, the reflector is said to present a distorted 

51. Since to produce a distinct image of any point in an object, 
it ia necessary that the rays diverj;ing from that point should be 
reflected, so is to diverge from some other point, if after reflection 
they have no common point of intersection, the point of the object 
from iriiicfa they originally diverged con have no distinct image. 
In tins CB«e the eSect of the reflection will be to produce upon the 
*inoii a confused impression of tlie colour of the object, without 
any' distinct form. 

5J. In order, therefore, that a polished surfiuie should reflect 
fbe rayi which diverging from any point are incident upon it 
exactly to or from another point, it is necessary that the surface 
riioald have that property in virtue of which lines drawn from 
the two points in question to any one point on the surface shall 
make equal angles with the surface. No surface possesses this 
property except one whose section made by a plane pttssin^ 
tiirstigb the two points is an ellipse, the two points being its foci, 
It fidlowB, therefore, that if a pencil oflight have its focus at one 
of the foci of an ellipse, the r»ys which diverging firom such 
fitcns strike upon the ellipse, or upon any surface with which the 
ellipse would coincide, will be reflected to the other focus. 

^4- SIMptf o raSeotor. — To render this more clear, let a c b d, 
J^. 30., be an ellipse whose foci are p and r'. Then, according to 
what bfts been explutieil, if two lines lie drawn from t and r' to 
Utj one poini, such as p, in the ellipse, they will make equal 
■ojttea with the elb'pae; and, coDsequentij, if rp be a ray of tight 
bnniog |>art of a pencil of rays whose focus ia ¥, i\, w'til \ie ve- 



3* 



OPTICS. 




Fig. 30. 



fleeted along the line T v' 
to the other focus. 

Now if we suppose 
a reflecting surface so 
formed, that the ellipse 
by turning round the 
line A B as an axis will 
everywhere coincide with 
it, this surface is called 
an ellipsoid; and if it 
were a polished and re- 
flecting surface, it would 
be called an eUipiic re- 
Jlector, 

It is evident that it is 
not necessary that such a surface should form a complete ellipsoid. 
Any portion of it upon which a pencil of rays passing from one 
of the foci would fsdl, would reflect such pencil so as to make it 
converge to the other focus. In this case the pencil proceeding 
from the focus in which the luminous point is placed, would be a 
diverging pencil, and that which is reflected to the other focus 
would be a converging pencil. 

55. Parabolic relleotors. — A parabola has a property in virtue 
of which a line drawn from any point in it, such as r, J^. 3 1., to a 

point F called its focus, and an- 
other, p M, parallel to its axis, 
make equal angles with the 
curve. It follows from this, 
that if the parabola possessed 
the power of reflecting light, 
T&ys diverging from its focus 
F would be reflected parallel 
to its axis v m ; and, on the 
other hand, if rays directed 
along lines parallel to its axis 
were incident on the para- 
bola, they would be reflected 
in the form of a pencil con* 
verging to its focus. 

If we suppose the parabola 
to revolve round its axis v m, 
a surface with which it would 
everywhere coincide as it re* 
volves is called a paraboloid ; 
Fig. 31. and if such a surface w^re 
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polished M u to reflect light r^nUrlj, it would form a pimbolic 
reflector. It follows, therefore, that if a luminoua poiut be placed 
in the focus of such a reflector, its rays after reflectioD will be 
pandlel to the axis; and, on the other band, if izyi strike upon 
the reflector in directions parallel to its axis, they will be reflected 

56. These remarkable properties of elliptic and parabolic re- 



flectors may be easily verified by ( 




periment. Let A n c,Jig. 32^ 
be the section of an 
elliptic reflector made 
by a plane pasaing 
through its focus f, the 
other focus being at i". 
Let a luminous point, 
such as a small flame, 
or, still better, tlie li^bt 
produced by two char- 
coal points when a gal- 
vanic current passes 
through them, be placed 
at the focus r. 

Let Htraight lines be imagined to be drawn from f' through the 
ertremities of a screen s, meeting the reflector at b and r, and 
horn the luminous point r draw the lines fb and rr. It is clear 
rn>m what baa been stated that a ray of light passing from f Cu b 
will be reflected from b to r' ; and one passing from r to r will be 
reflected from r to f', both grazing the edge of the screen s ; and 
the same will be true for all rays passing from r which are incident 
upon a circle traced on the reflector whose diameter would be a 
line jdning b and r. 

The rays proceeding from r, and incident between the points 
B Mid >*, will, after reflection, strike upon the screen s, and will 
thus be prevented from proceeding towards the point V'. From 
Uie point r draw the lines r a' and f r' passing the extrcmitiea of 
Ibe Mreen a. It is clear that the rays passing from f between the 
lincB f b' and i r' will be intercepted by the screen. 

Urns it follows that all the rays which strike upon the reflector, 
and which are not intercepted by tbc screen s, are included on the 
mw Bide by the lines r b and r %', and on the other by the lines 
r r ami r r'. Now, according to what has been explained, all the 
rkjs incident upon the surface of t he reflector would, afler reflec- 
liim, converge to the point r", as represented in the figure. To 
verify ibi* fact, let a white screen nt n be placed between f* and s, 
at right angles to the line f' b. The reflected light will appear 
•areeo when held near to s as an illuminated disc -«\0d a. 
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■mall circular dark spot in its centre, this dark spot oorrMpOBdlii^ 
to tbe space from which the light both direct and reflected ii 
eluded bj the small screen b. If die screen u n be now gradual^ 
moved tovfurdu 7', being kept perpendicular to the line b ' ' 
illuminated disc will gradually diminiah in diameter, as w 
the dark circular spot in its centre, and this diminution wi 
tinue until the screen arrives nt tbe point f', when tbe illuminated 
disc will be reduced to a small light spot, and the dark spot in it 
centre will disappear. 

This esperiment may be further varied by placing the a 
M K OS near the reflector as possible, and piercing several holes il 
it within the area of the illuroiiiated disc. The rays of light 
passing through these holes will severally converge to the poial 
r', as may be shown by holding another aereen bejond m 
means of which the course of the rays may be traced, 1 
their light will produce light spots upon this screen. As 
moved towards r', these light spots will gradually approach eaA 
other, and when it arrives at f they will coalesce and form I 
single spot. 

57. The reflecting property of a parabolic reflector may b) 
experimentally exhibited 
by a like expedient. I 
ABC,^. 33., repres 
a section of tbe refleotoif 
the focus being E. Let< 
luminous point be pl&ce^ 
at F, and a small ci 
screen s, as before, b^ 
placed perpendicular t 
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r th». 



□ay be shown, 
as in tbe case of lb* 
elliptic reflector, that 
een, will bereflectedin 

nlikemsm 



rays r a' and r r*, which grazed the 

direction b' t' and r" y', parallel to tl 

ner, that the rays f b and r r, which, after reflection, graze tha 

screen, will also be reflected in. the direction b t and r y, parallel 

to the axis. 

Hence it follows that the reflected light will be excluded ftoi 
cylindrical space, of which the screen s is the circular baae, 1 
whose axis coincides with the axis b x of the reflector. 

It also appears that no light diverging from the focus r 1 
strike the reflector beyond the points a' and r". The light 
fleeted will therefore be included between two cylindrical 
having the axis of the parabola as their common axis, the sides 
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the exterior cjl'mder being r' y' and r' y", md tlioae of the inte- 
;jliiider being n t and r y. 

easy to veriiy these phenomena. Let a vhite BCreen m n 
be held as before at right angles to the axis b x, an illuminated 
disc will appear upon it, whose diameter will be equal to the line 
h' r", having a Bmall dark spot in the centre equal in magnitude to 
the screen s. If the screen M N be moved towarda or from the 
screen s, Ihia illuminated disc will continue of the same magnitude, 
having a dark spot in the centre constant!; of the same magnitude 
also. Thus it appears that the reflected rays must follow the 
cotirse already deecribed. 

The experiment maj be further varied, as in the case of the 
ellipse, bj piercing several holes in the screen h n, through which 
diitinct raya shall pass. These ra^s, being received upon another 
icreen behind m m, will produce upon it luminous spots, and if then 
either screen he moved towards or from u h, these spots will 
maintain always the same relative position. 

If, in the case of the elliptic reflector, the luminous point he 
placed at r*,/^. 3Z., instead of F, then the effects will take place 
in Ui inverse order, the incident ra^s being in this case what the 
Mleoted rays were in the former, tud vice versa ; and the pheno- 
mens may be verified by a like expedient. If a emaJl circular 
screen be held between s and a at right angles to the axis, it will 
be found that the rays reflected from the elliptic eurface will be 
inolosed between two conical surfaces, one of which is bounded 
bj r b' and f /, and the other by f r and f r. The light will be 
exchided from the cone whose base is the screen e, and whose 
vCTlex is at r ; and also from the cone whose base is b r, and whose 
vertex is also at f. 

In the same manner, all the effects will be inverted if a cylinder 
of rays parallel to the axis be directed upon a parabolic reflector. 
In this case, the reflected rays will he included between tiieconic^ 
■urface bounded by the lines pb' and rr',^. 33., and the conical 
MiAce bounded by the lines r n and p r. 

llua may be in like manner expcrlmentnlly verified by means 
of > white screen moved between the screen s and the vertex Bof 
the reflwtor. 

{8. anminc refleotor*. — In consequence of this property, 
pmbolic reflectors are well adapted for collecting the raj's of the 
ntn or moon into a Ricus. Owing to the enormous distance of 
tluMe objects, compared with any oiagnitiides which canbesnbject 
(« experiment, all pencils proceeding from them may be considered 
M (MToUel. If, then, a parabolic reflector be placed so that its axis 
ibdl b« directed towards the sun, tbe rays of the sun reflected by 
""■ ■ ■ I fbous; and ta their heating pi^et irJi. 
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I then be proportionally augmented, the apparatus may be used aa(B 
1 burning reflector. B 

J>arabolic reflectors be placed at any distance asunder, their oxmA 
coinoiding, the rays proceeding frora a luminous point placed iafl 
the focua of one will, after two reflections, be eoUected into thefl 
focus of the other. ■ 
I Thus, if A B and a' b', /g. 34., be the two parabolic reflflctoi^J 
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by the surface A B ia tines parallel to a.' b', and striking upon ths 
reflector will converge to the focus f*. 

This is precisely wmilar to a.nd explicable on the same principle* 

of echo, which are esplained in our course of " Acoustics." Thm 

of Bound, and subject to the same laws. 

moved from the position of the focus r, and be placed either nearw 
to or further from the reflector, or above or below the focus, th^ 

reflection by an elliptic surface, nor will they proceed in parallel 
directions aiter reflection by n parabolic surface. These effect^ 

If, when the luminous point is placed before the reflector outof 
the focua r, the screen m n be moved as before, the reflected rkjq 

1 willnotbereduccd to a luminous point by moving theacreenft«* 
1 the reflector ; it will diminish in magnitude to a certain limit, 1x4 
1 then increase, but will not in any case be reduced to a point 
r In the same manner with the parabolic reflector, when the liglkt 

screen will not continue to be of the same magnitude, but wW . ] 
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placed within or beyond the focua. In the latter ca^e, however, 
although the illummated disc will diminish, it will not be reduced 
to a point, but after bang reduced to a certain magnitude, it will 
agun increase, aud tn all these cases the disc will be much more 
reffulBT in its outline than in the former caae. 

It appears, therefore, that an elliptical reflector will only convert 
rajs diverging from a, determinate point into rsya converging to 
another determinate point, when the former of these points is at 
one of the fod ; and a parabolic reflector will only convert diverg- 
ing rays into paraUel rays when these rays diverge from the focus, 
and will only convert parallel rajs into rays converging toadeter- 
tninate point when these parallel rajs are parallel to the axis. 

6i. SpberloBl refleetora. — The form of reSecting surface, 
however, which is most easy of conatruction, and most convenient 
ia practice, and consequently which is most generally used, is the 
fpherical rtfieetor. The spherical reflector is a surface which may 
be conceived to be formed by the arc of a circle leas in maguilude 
than a semicircle revolving round that diameter which passes 
(hmugh its middle point. 

Thus, let UH suppose a b c, (Jig. 3 5.), to be such an arc, b being 
its middle point, and o its 
centre. Taking the line 
B o E as an axis of revo- 
lution, let the arc be ima- 
gined to rotate round it. 
Now lei a surface be con- 
ceived, which would be 
everywhere in exact con- 
Fig. 55. lact with the arc as it re- 
volves. Such a surface is 
tbst of a spherical reflector. If the concave side of it be the 
pcdiibed side, it is called a concave reflector, the solidity and thict- 
nsM being then on the convex side ; but if the solidity be inclnded 
WftUli the concavity, and the convex side be polished, then the 
refleotM is said to he convex. 

"Theac two classes of spherical reflectors, coniMwe and conECz, have 
4i*tinct properties, which will be explained in succession. 

The point b. which is the middle point of the generating arc, is 
called die eertrx of the reflector; and ihc point o, the centre of 
tfc* generating arc, ia called tls centre. The length ^ of the 
itself, expressed in degrees, ia called the opttiing of 
tfteelor. Consequently, the angle which the axis o n makes 
the radius o a drawn to the edge of the reflector is half the 
The right line box, drawn through the vertex and the 
of the reflector, is called the axii of Ike reflector. 
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Since &11 radii of a circle are at right angles to the i 
at the point where thej meet it, it foliowa also that the radii oi 
a spherical Burfoce are at right angles to such surface- 
it follows that all radii of a spherical reflector, such as 
o b'', &c,, ore respectively at right angles to the aurftice of the 
reflector. 

These deRnitioQB aiid consequences are equallj applicable to 
concave and convex reflectors. 

Wlien a pencil of rays proceeding from any luroinoiw point or 

illuminated object is incident upnn a spherical reflector, thsit raj 

of the pencil which pftsses through tiie centre o of the reflector ia 

* called the axit of Ihe pencil. Thus, if it pencil of rays diTarging 

firom the point i (^I. 36, 37.), be incident upon the reflector 




Fig, 16. Rg. 17. 

ABC, the axis of that pencil will in such case be the line t 
passing through the centre o of the reflector, and meeting tho 
surface. 

In the case represented inj^. 36.,the axis of the pencil coinddea 
with the axis of the reflector ; but in the case represented il 
_fig. 37t it is inclined to it at the angle o o c. A pencil, such 
that represented in _fig, 36. is called the principal peaeil, and tl 
line 1 B the principal axis. The pencil represented in j^. 37. i 
called a secondary pencil, and the axis 1 o a secondary uu ~ 
is clear, from mere inspection cf the diagram, that the axis of tb 
principal pencil is the axis of the reflector. But in the case of '^^^ 
secandary pencil, represented in_/^. 37., the axis 100 of the pi 
is not in the centre of the rays which strike the reflector, there beinj 
more on the side b a than on the side b c. 

The axb of a pencil of parallel rays is defined in the 
manner; a principal pencil of parallel rays being one whose dir^ 
lion is parallel to, and whose axia coincides with, the axis of t" " 
reflector, and a secondary pencil of parallel rays being one whg 
rays and axia are inclined to tbe axis of the reflector. 

A principal pencil of parallel rays ia represented in _;^.3S.,b( 
being its axis ; and a secondary pencil of parallel rnys is repreaenta 
:^J%■. 39., X o b' being its axia. 




6z. fteflecttoa of parallel ray* tty ■pberloal anrfaoeB.— ' 

Let ufl firit consider the case of a principal pencil of paralleL rajs. 
I#et E T aod r 1/ (_jjg. 40.) be two rays of the puucil o-t equal 
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Fig. 40. 

distances from tha axis box. DrmT o b and o r. These, bein^ 
radii of the reeector, wiil be perpendicular to iti surface ; and 
lince the angles of reflection are equal to the angles of incidence, 
the reflected rajs will proceed in the directioD r p, r p fnplring 
with the lines o k and o r angles equal to the angles of incidence 
r and o r y. But it is evident that since a t and r g are 
panllel to b x, the angles o r t and o ry are equal tn the angles 
p ruid r o p. From this it follows that p r, p o, and p r are 
ei^iial to each other. 

Since the two sides of a triangle taken together must be greater 
than its base, p s and p o taken together are greater than the 
radius o r of the reflector, and coasequentlj o p must be greater 
than half of o b. If then r be the middle point of o b, the point 
p will he between r and b, and this will be the case at whatever 
pmnl of the reflector the rajs a t and r g are incident. 

Now, if two other parallel rays r' r' and r'y' be taten, in like 
nanner, equallj distant from 11 x, but nearer to it than » r and ry, 
it can Ik sbowii that thej will be reflected to a common point in 
llie axis o b between p and p. Iu the same manner, if two other 
panllel rajs b" 1" and r" y", still cqunllj distant from the axis 
a s, but nearer to it than a' i' and / y', be reflected, thej will 
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n point, still nearer to the middle poiot * 
the axia o b, but still between f and b; in a. word, the nearer bd 
rajs are to the axis b x, the nearer will be their common point ol 
convergence aJler reflection to the middle point r ; but, botrem 
near they may be to BX,tbey cannot converge to any point beyond 
t in the direction of the centre o. 

It ia evident, therefore, from these results, that parallel ra;> 
incideat upon a spherical surface do not after reflection converge 
to ajiy common point, since each cylindrical sur&ce formed bf 
auch rays convergos to a different point upon the a 
theless, it appears that all these points of convei^ence a 
within a email apace p r upon the axis, provided that the reflector 
have not great breadth ; and it ia found that if the reflector do not 
extend to more than about 5° or ti° on each side of its vertex, nil 
the parallel rays reflected from it will converge so nearly b 
middle point f of the radius o B passing through its vertex, 
for practical purposes, the reflector may be considered as p 
ing the properties of a parabola abreadyexpliuaed, and the reflected 
raya may be considered as virtually converging to a oommi 
point. This common point will be f, the middle point of tl 
radius o b, which forma the axis of the reflector, parallel to tl 
incident rays. 

If B secondary pencil of parallel rays be incident on the reflector, 
as represented in j^. 4 1 ., the focus to which its rays will be r 
fleeted will be the middle poiat t of the radius o b', which forms 
the secondary axis. 

All the reasoning which has "been applied to the principal penc3 
(_fig. 40.) ^'" be equally applicable in this case. 

If a secondary pencil be inclined to the axis o b, at h 
greater than half the opening of the reflector, its axis will n 




the reflectiug surface. This citse is represented in ^. 41., wlie 
the line O P b', drawn through the centre, parallel to the 
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the pencil, passes below the limit c of the reflector. In euch ft csset 
'erlheless, the focus of the reflected rays is determined in the 
same manner as it would be if tbe reflector extended to b, and, 
accordingly, the rays reflected from A c will conTerge to a focus 
at r, the middle point of o b'. 

63. Vrtnelital fooiis of aplierlcal relleotar. — If, therefore, 
tay number of pencils of parallel rays, principal and eecondary, 
are incident upon tbe lanie reflector, their several foci will lie at 
tbe middle point of the radii of the reflector which coincide re- 
tpectively with their several axes ; and if an infinite number of 
such pencils fall at the same time on their reflector, their foci will 
form 8 circtJar arc a c (^. 42.), whose centre is the centre of 
the reflector o, and whose radius is o r, one half the i-adius of the 
reflector 

64. All these efiects may be eKperimentally verified by menns 
of screens, in a maDDer similar in all respects to that which has 
1>een already explained in tbe cose of a parabolic reflector. Thus 
it CAD be shown, that if tbe opening of a reflector be much greater 
than 30", parallel rays will not be reflected converging to a com- 
mon point ; and, on the other band, if a luminous point be placed 
at r (^. 41.), the reflected rays will not be parallel ; but if the 
opening do not exceed zo° or thereabouts, parallel rays will be 
Knsibly convergent to tbe point *■ after reflection, and rays diverg- 
ing firom p will be reflected In du-ections sensibly parallel. 

He focus to which parallel rays converge after reflection is 
called the principal focus of tbe reflector. 

It tbilows, therefore, fi-om what lias been stated, that the prin- 
cipal focus of a spherical reflector in the middle point of that radius 
wliicb 18 parallel to the incident raysi and the principal foci for 
MCondary pencils of parallel rays lie in a spherical surface * c 
(^. 42.), whose centre is the centre of the reflector, and whose 
rwliai is half the radius of the reflector. 

65. Aberratloii of •pherlelty. — When the opening of a sphe- 
rical reflector exceeds the limit already stated of about zo°, parallel 
njs, fklling on that part of its Burfuce which is more than 1 0° irom 
ita vertex, will be reflected sensibly distant from the principal 
Ibcai, ftnd consequently the entire pencil of rajs whose base is 
the reflector will not have a common point of convei^ence. Those 
which are incident upon tbe reflector within a distance of to° from 
Its vertex will convei^e sensibly to the principal focus ; but those 
beyond that limit will converge to points more or less distant 
from tbe principal focus, according as these points of inddenoe, 
wore or lew, exceed a distance of 10° from the vertex of the 



Hit* departure from correct convergence, produced by the U 
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great magnitude of tbe reflecting surfnce, is called tlie a 
of ipherieity. 

To convey a more exact idea of the form and c 
spherical reflector which has the e9ect of efiacing spherical aberra- 
tion, such a reflector is represeoted in Jig. 43., where a c is a 
^ arc 20° in length, representing the 

vertical section of the reflector, b being 
its vertex, o ite centre, aod t its prin* 
cipal fucua. Raya falling on a c parallel 
to o B woold be reflected sensiblj to 
the point f; but if the reflector were 
greater in the opening, as, for example, 
PI , if it eitended to a' and (/, ixiing z 

on each aide of the vertex b, then t 
parallel raya incident at its extreme points a' and c' would ba 
reflected in /I a point between a and b. In auch ci 
/ r would be that within which ail the rays incident between 
A and a', and between c and c', would be collected. This spat 
/ t would then be the extreme limit of the aberration of spher 
city due to a, reflector 40° in magnitude. 

The spherical aberration of a secondary pencil will be greater 
than that of a prbcipal pencil; for in the cose of the secondary 
pencil represented in ^. 42., the axis of which is in the direction 
of o b', the aberration will be the same as if the opening of the 
reflector were twice the arc a b' j and in proportion as the angia 
ibrmed by the axis of the secondary pencil o b' with tlie axia of 
the reflector o s is increased, this cause of aberration will be also 
increased. Thus, in the seooodary pencil represented in fig. 42., 
the aberration would be the same as if the opening of the refleetaw 
were twice the angle a o b'. 

In fine, the aberration attending any secondary pencil will always 
be the same as that which would be produced with a princi{Ml 
pencil by a reflector whose opening would be equal to the open- 
ing of the proposed reflector, added to twice the angle formed 
liy the asis of the reflector and the axis of the secondary pencil. 
Thus, in the case represented in fig. 42., the aberration of tba 
secondary pencil ia the same as would be produced upoD s-- 
principal pencil by a reflector having an opening equal to twica' 

66. Cue of eonrex reneotara. — In what precedes, the case of 
concave reflectors only has been contemplated. The same con* 
elusions, however, will be applicable, with but little qualification, 
to the case of convex refleclora. 

Let anch a reflector be represented by a c {fig. 44.), a pencil 
•f rays parallel to the axis b x being incident upon it. Tha 
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extreme ruya b y tuid 
ry.eqiiidistantfromBS, 
will be reflected from B 
and r, as if thej bad di- 
verged from Y, the middle 
point of D B, provided b 
" ' more dis- 



tant tban 10 
In tbe same manner, the 
rays u' t' aoil r' y', and 
also the rajB b" i" and 
r'' y", and, in a word, 
all rnys between the ex- 
treme raji and the \x\a, will be refleeted aa if theji bad diverged 
from F, Thia point f, being tbe middle point of the radius o b, is 
iberefore, as in the case of the concave reflector, the principal focus. 
A difierence is presented here in tbe two cases, nbicb suggests 
a distinction to which ve shall often hare occasion to refer in other 
inBtancee. lo tbe case of ibe concave reflector represented in 
fig. 40^ the principal focus is a point to which the reflected rajs 
do actualt; converge, and where, as bos been shown, tbe light is 
concentrated. In the ease, however, of the convex reflector repre- 
tented in Jig. 44., the rajs diverging from the surface diverge as 
if the; had originall; been united at f. This point r is, therefore, 
in luch cast, not a point, as in the case of a concave reflector, 
where tbe rajs do actual!; coalesi;e, but a point where thej would 
Coakace if thej had been continued baxikwards from the points on 
the surface of the reflector. 

67. roel retU and Imaclnarr. — A focus like tbe former, 
where the rajs do actually converge, is called a real focus, and 
•ametitnes a physical fbcuB ; whereas a focus like the latter, in 
•rbiuh tlie rays do not actually converge, but which merely fornis 
tfao point of convergence of their directions, is called an imaginary 
Sacua. In the case already explained of plane reflectors, the focus 
of reflection of a divergent pencil is an imaginary focus ; and, on 
the other hand, tbe focus of a convergent pencil is a real or 
physical focus. 

68. iBiBsaa fomud br oonoBve reflectora. — -If an object be 
pUced Iwfure a concave reflector at so great a distance from it 
Uiat all pencils of rays passing from such object would be con- 
adered as parallel, an imuge of such object will be formed at the 

1 focus of the reflector ; that b to say, midway between 
IS surface. 

Let A c (Jig- 45.) be such a reflector, o being its vertex, o its 
nd r the principal focus. Let i, h be aa object, placed 



at BO great s dittance from tlie reflector, that the dtvei^enee o 
a pencil of raja passing from auj point upon it, and having t' 





rcflecbir as their base, shall be so small that the rajs msj 
sidered aa practically parallel. 

Let L o i be the axia of the secondary peneil passing from i, and 
H o m the axis of the secondary pencil passinj^ from m, I and 
being respectively the middle points of the radii, and therefore the 
foci to which the pencils proceeding from l and m respectively are 
collected after reflection. Images, therefore, of the points i. and it 
respectively wiii be produced at I and m. In the same manner, 
the pencils proceeding from the several points marked I, 2, 3, 4, {, 
4ct will converge, after reflection, to the corresponding poinU. 
marked l', z', 3', 4.', 5', &c,, which are the middle points of the 
several radii which are in the direction of the axes of the aeventl 
pencils. At these points, therefore, images will be formed of tlu9 
corresponding points in the o'bject, and the assemblage of these 
images will form a complete image of the object in an inverted 
position, midway between the centre o and the surface ab c of the 
reflector. 

It is evident that the points forming the image m I will lie in a 
spherical aurfitce, whose centre is o, and whose radius is half the 
radius of the reflector. If, therefore, the object be a straight line, 
its image will be the arc of a circle ; and if the object be a plane 
surface, its image will be a spherical surface. 

Id the case represented in J^. 4^., the centre point of the object 
is placed in the direction of the aTJe of the reflector, and the centra 
point of the image lies consequently also in the axis, and the imago 
is at right angles to the axis of the reflector and is bisected by it. . 
It will be explained hereafter that the apparent visnal magni- 
tude of an object is determined by the angle formed by two straight 
lines drawn from the eye to the extremities of the object. Thntt 
if tie eye were placed at o, the centre of the reflector, the an^s 
I. o u would be the apparent magnitude of the object. The foU 
import and propriety of this term will be expldned more A1U7 
hereafter, but for the present it will be convenient to use it in 
the iiense just explained. 
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A evident, thea, that the appRrcnt magnitude of the object 
a viewed from the ceatre of the reflector o, ia the bbjdc as 
the appnrent raagnitvide of its image ( m viewed from the same 
point, since the linea drawn from the limits of the object and the 
!t each other at tbe point o, 

It la evident also that the 
linear magnitude of the image 
will be just ao much less than 
the linear magnitude of the 
object, as one half the radius 
of the reflector o f ia less 
than the distance of the ob* 
ject from the centre o. 

69. The case in which the 

asis of the reflector is not 

direclfid to the centre of the 

object is represented in ^. 

^***- 46. 

In this case the image of the oliject is produced between the 

ftxes of tbe secondary pencil, proceeding from the extremities of 

the object, and at the middle points of the radii which coincide 

47,) be the object, 





{lUecd, u before, at luch a distance that each pencil of rays pro- 
cw^ogfromapoiat in tbe object to the reflector may be conaidered 
M parallel. Let 1. o and h o be the axes of the pencils proceeding 
fitnn ttie extreme points of tbe object. After reflection, the rajs 
of tfawe pencils will diverge as if they had proceeded from the 
poiota I n respectively, which are tlie middle points of the radius 
of the reflector i and therefore, if auch rays were received by the 
vy« of the observer, they would produce the same efllect on vision 
M if Uwy had proceeded from the points I m, and consequently the 
pointabM of the object would appear as if they were placed atlm. 
Ib (b« same maruieT, it may be shown that the intermediate points 
1, 1, 3, 4, 5 of the object will appear as If they were at the inter- 
pMatal',1',3',4', j'of the radii, which areiath^i^efi^Ma 



r 



the reflectOT,^ 
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of their respectJTe pencila. Thus, an eye directed to the H 
receiving the rajs of the reflected pencils, will see the object lu 
it were on a spherical surface, of nbich the centra is o, and rf 
which the radins is one half the radius of the reflector. The imagO[ 
I mm this case, though not formed by (he real intersection of tb» 
rays of light, is not the leaa present to vision. The eje receive! 
the rays exactly as it would receive them if they hod actoallf 
diverged from the points I, 1', 2', 3', 4', ;', m, and consequently 
the efiect on vision is the eame as if a real image of the object 
were placed at I m. It is evident from the figure that in this caM 
the image is erect, and not inverted, as in the case of the coacav% 
reflector. 

All that is said, however, of the relative magnitudes of the image 
and object in the case of the concave reflector, will be equally 
applicable here. Thus, to an eye placed at o, the apparent toagid-' 
tude of the object i. a, and of its image Z m, will be the same ; aJid 
the real linear magnitude of the image will be just so much leai 
thnii that of the object, as one half the radius of the reflector .' 
less than the distance of the object. 

70. The phenomena which have been just explained in the CM 
of the reflection of very distant objects produced by concave an 
convex reflectors, may easily be verified experimentally. 

If a concave reflector be directed towards the snn or moon, 1 
image of either of those objects will be found at its principal foci, 
and such image may be rendered apparent by holding at its prin- 
cipal focus, and at right angles to the radiue directed to the obje«^ 
a small semi-transparent screen, which may be formed of ground 
glass ur oiled paper. A small image will be seen upon the screen^ 
the diameter of which will bear the same proportion to the reel 
diameter of the sun or moon, as half the radius of the reflector 
bears to the distance of one oi' other of these objects. 

The effects of a convex reflector can be still more easily n 
manifest. When a convex reflector is presented to any diatadi 
objects, their images will be seen in it, and will appear as if thejt 
were behind the reflector. They will be less in magnitude tluni tha 
objects in the proportion in trhich half the radius of the reflectoK 
is leas than the distance of the objects, and they will appear ai 
they were painted on a spherical surface, having its centre at tha 
centre of the reflector, and having half the reflector for its radiuN 

71. Before proceeding to explain the effects produced by sphe> 
rical reflectors on diverging and converging pencils, it will bs 
convenient here briefly to state some principles derived fhna geo- 
metry, to which it will be necessary frequently to recur in explan»- 
tion of the effects produced on pencils of rays by spherical surfaces 
on which they are incident, whether these surfaces belong t 

opaque bodies or Ironsparenl media. 
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The magmtude of angles is easily explained hy stating the 
degrees and parts of degrees of which they consist. It may also 
be often more canvenientlj expressed by stating tbe ratio nhicli 
the arc which bounds tbem bears to the radius. Thos an angle 
SAC will be perfectly defined if tbe ratio which the arc b c bears 
to its radius a b be stated. Any other angle, such ashae, tbe arc 
of which b c bears the same ratio to the radiuB 6 o, will necessarily 
have the same magoitude. This principle may be rendered still 
dearer, if, with a as a centre, several arcs, such ns b' c', b"c", 
a'" c"', Stc. be drawn subtending soma angle a. It is demonstraled 
in geometry, and mode evident irom tbe Ggure, that the arcs 
b'c', b" c", b"' c'", bear respectiv ely tbe same ratio to their rudii 
A b', a b", a b"', as the arc b c bears to its radius a s. 

On this principle, tbe magnitude of an angle may, with great 
eonvenience, be expressed by a fraction, whose numerator is it« 
arc, and whose denominator is its radius. Thus the angle a, 
J^. 48., may be expressed by . — , or -y^, °^ —7, — > ^<^- 

If tlie angles be very small, perpendiculars drawn from the 
estremity of either side iuoluding them upon the other, may be 



Fig. 4S. 

considered as equal to the arc. Thus, in Jig. 4S., the pcrpendi- 
culmrs » m and c m' may be regarded as equal to the urc b c, pro- 
vided the angle a do not exceed a few degrees. 

In the case of such angles, therefore, their magnitude may he 
eanlj expressed by a fraction whose numerator ia the perpen- 
dicular, and whose denominator is the radius. 

Thus the angle a, being small, nill be expressed by — or 

D COKVEBdENT BATS B 



a. — Let I, j^. 49., be the focus of a 
I iBverging pencil of rays, incident upon aconcave reflector ado, 
I ibe point I being supposed to be upon the axis of the reflector, 
I Draw lA and ic, representing tbe extreme rays of the pencil.. 
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Draw o a and o c, the radii, to the points of incidence. The angles 
OAi and o G I will then be the angles of incidence ; and these will 
evidently be equal, because the three sides of the two triangles are 
respectively equal. 




Fig. 49- 

To find the direction of the reflected rays, it will be only 
necessary to draw from a and c lines which mske with ao and c o 
angles equal to the angles of incidence. 

Let these lines be a b and c b. The two rays i a and i c will 
therefore be reflected converging, and will meet at r. 

By the principles of geometry *, the angle o a b of reflection is 
equal to the diflerence between the angles A iJi b and a o b, and the 
angle o A i of incidence is equal to the di^erence between the 
angles a o b and a i b. 

Now, let /express the distance i b of the focus of incident rays 
from the vertex, and / the distance b b of the focus of reflected 
rays from the same point, and let r express the radius o b of the 
surface. We shall then have, according to what has been ex- 
plained, — 

AB AB 



OA^ _ ^ 

r /' 

AB AB 

But since the two angles are equal, we shall have 

AB AB AB AB 

-7— 7-=7— — . 

Omitting the common numerator a b, we shall then have 

2_^i_i_i 
7 /-/ 75 

and consequently we shall have 

* Euclid, Book 1. Prop. 82. 
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Hie same formula is applicable, to raja incident at sverj point 
between a or c and the venux u ; so that rays reflected from all 
mch points will converge to a coounoo point on the axis, whose 
diitance from b will be determined by the value of J", found by the 
preceding formula. 

The formula (a) is of the utmost importance, and may be both 
understood and remembered with the greatest facility. 

It may be expressed in common langua<;e oa follows : — 

If the frattiona, whose numerator is 1, and whose denomiuatoi's 
are the numbers expressing the distances of the foci of incident 
«nd reflected rays from the vertex, be added together, their gum 
will be equal to a (Taction, whose numerator a z, and whose 
denominator is the radius of the reflecting sur&ce. 

73- By this formula (a) the position of the focua of reflected 
rajH can always be found when that of the incident rays is known. 
Ve have only to subtract the fraction whose numerator ia 1, and 
whoK denominator is the distance of the focua of incident raya 

from the vertex ; that is to say, the fraction - from the fraction 

wbose numerator is z, and whose denominator is the radius, and 
llie remainder will be equal to a fraction whoae numerator ia 1. 
■nd whoae denominator is the diatanco of tlie focus of reflected 
i»jB from the vertex. It ia evident that by a like process the focus 
of incident rays can be found wheaever the focus of reflected rays 
ialaiaim. 

Knee the two fractions - and - added together always produce 

the wune sum, it follows that whatever circumstances increase one, 
miut diminish the other; and hence it follows that the more dia- 
tmtlhe focus of incident raya lis from the reflector, the nearer the 
foeiu of reflecjed rays B will be to it, and vice versa ; because as 
I B increases, a b must diminish, and vice DersA, aa haa been just 
explained. 

If the focos I were removed to an infinite diatance, then the 
friction ^ would be infinitely small, and consequently the other 

ftution y, would be equal to ~, and consequently J' would be 
aqntl to |r ; that is tn say, the focus of reflected raya would then 
lie entncident with the principal focus, which is only what might 
bcea anticipated; because, if the focus of incident rays i be 
an infinite distance, the pencil of incident rays having 
tbtMflector fbr its base must be parallel. 
But in order to produce this effect, it ia not necessary that the 
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focus of the pencil of incident rays should be either infinitely or 
even very considerably distant. Let us suppose that the distance 
I B, which is here expressed by y, is only one hundred times the 
length of the radius of the reflector, and let half the radius, or the 
distance of the principal focus from the vertex, be expressed by r. 
Then we shall have 

/=200r. 
Consequently we shall have 



and therefore 



and therefore 



f ' 200 p r ' 



11 1 _ 199 

f P ^OOP^ZOOP' 

_200r_ 1 

•^ ""i99"""'"*"'i99^^' 



that is to say, the distance of the focus of reflected rays from the 
vertex will exceed the distance of the principal focus by the 199th 
part of half the radius, or nearly the 400th part of the radius of 
the reflector, an insignificant quantity. 

It follows, therefore, that whenever the distance of an object 
from the reflector is not less than 100 times its radius, all pencils 
proceeding from it may be regarded as parallel, and therefore as 
coincident with the principal focus of the reflector. 

It follows also from the preceding formula, that when the focus 
of incident rays is beyond the centre, the conjugate focus of 
reflected rays will be between the centre and the principal focus ; 
and that when the focus of incident rays is between the centre and 
the principal focus, the conjugate focus of reflected rays will be 
beyond the centre. 

In the preceding cases we have supposed the focus of incident 
rays to be situate at some point beyond the principal focus of the 
reflector. 

Let us now consider the case in which the focus of incident 

rays i, jig. 50., is placed between the principal focus p and the 
vertex. 

Let I A and i c, as before, be the two extreme rays of the pencil, 
and draw the radii a o and c o. To find the direction of the 
reflected rays, it is only necessary to draw from a and c two lines, 
which shall make with o A and o c angles equal to those which A i 
and c I make with it. Let this direction be a z and c x^ It fol- 
lows, therefore, that in this case the reflected rays will diverge 
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instead of converging, as in the former case, and that their point 
of divergence will be at b, upon the axis behind the reflector ; 
consequently the focus will be an imaginary focus. 



By geometrical principles already referred to *, the angle of 
incidence i a o is equal to the difference between the angles a i b 
and A o B, and the angle of reflection x a o is equal to the sum of 
the angles abb and a o b ; and since the angles formed by o a, 
I A, and B A with the axis o b, are so small as to come within the 
scope of the principles already expressed, we shall have 

AB AB 
AB AB 

/ r 

where / and f express, as in the former case, the distances of the 
foci of incidence and reflection respectively from the vertex b. 
We shall therefore have 

A^B AB AB AB 

7— r-7+T' 

and omitting the common numerator a b, we shall have 

i 1-1 f ^ 
f f — y. • • • W> 

a formula which is identical with formula (a), p. 48., only that 
.p in it is negative, which indicates that the focus of reflected rays 
is imaginary and behind the reflector. 

In the formula (b) it is not the sum of the two fractions -^ and 

^ but their difierence, which is equal to -. 
/ r 

Analogous results, however, follow from this formula, which may 

be expressed in common language as follows : — 

When the focus of rays incident upon a concave reflector is 



* Euclid, Book 1. Prop. 82. 
E 1 
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placed betveen :tg principal focus and the vertex, the i 
betveen the fraction ivhosc numerator ia I anil whose denoTiiiaato^ 
is the distftnoe of the focus of incident raja from the yerten 
tbc fraction whose numerator is I and wlioae dunouiinetor i 
distance of reflected rays from the Tertex, will be equal t 
fraction whose numerator is 2 and whose denominator ia the radint 
of the reflecting surface. 

Since the diiferenco between these two fractiotij is always Iha 
same, howeyer they may sepamtely vary, it follows that when ow 
inci'easea, the other must increase to tlie some extent. Hence It 
follows that/and/' increase and diminish together ; and therefiwB 
it also fallows that as the focus of incident rnys i approaches 
vertex a, the focus of reflected rays b must also approach it ; 
as the focus of incident raya l recedes from the vertex, the C 
of reflected rays a must also receda from it. 

When the focus of incident rays i arrives at the principal focus ij 
the focus of reflected raya b recedes to an infinite distance. 

74.. Case of oonvergrlag- laDldeat ray*. — If rays fall o 
reflector converging to a point h behind it, they will be refleotej 
converging to the point I. In this case, the focus of incident ny^ 
being behind the reflector, will be imaginary, and tbe focus of re* 
fleeted rays, being before it, will be real. The relative posiUons oT^ 
the two foci, however, will be determined in the same mannei 
'exactly aa if 1 were the focas of incidence, and b the focus ot 
reflection. It may be useful to obaerve in general, t1 
jugate foci are in all cases interchangeable. 

If the focus of incidence 1>ecome the focus of reflection, tba 
focus of reflection will become the focus of incidence, and oiatt 

y^. CoDTex refleotora. — The effects attending diverging o 
converging rays incident upon convex reflectors, are in all respect 
analogous to those which have been just establiahed respectii]|( 
concave reflectors. 

It is only necessary to observe that converging rays upon ( 
convex reflector are analogous to diver^ng rays upon a concavA 
reflector ; and diverging raya upon a convex reflector are analogom 
to converging rays upon a concave reflector. 

Thus, if A c, (^g. 49.) instead of representing a concave, n 
gent a convex reflector, and a pencil of rays be supposed t 
incident upon it, which If not intercepted would converge upoB 
the point I, those rays afrer reflection will diverge from the point K 
The conjugate foci will be in tbis case precisely aimiiar, and deter- 
mined by similar conditions as in the former case, except that tlw 
incident rays are convergent, while tbe reflected raya are divergent, [ 
the contrary being the cose in a concave reflector. 
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In like manner, if the reflector a c, {fig, 50.), be a convex in- 
stead of a concave reflector, a pencil of rays incident upon it, 
which if not intercepted would converge to i, will be reflected con- 
verging to R. In this case, the focus of incident rays will be 
imaginary, and the focus of reflected rays real, contrary to what 
was shown for a concave reflector ; but the relative position of the 
two foci will be determined as before. 

76. Zmaf es of near objects formed by spberioal reflectors. 
— The manner has been explained in which images are formed by 
f^herical reflectors of objects whose distance is so great that the 
pencils of rays proceeding from them may be considered as con- 
sisting of parallel rays. It is in this and like cases important that 
the student should not confound the directions of the pencils 
themselves with the directions of the rays which form them. Thus, 
the pencils of rays proceeding from points upon the surface of the 
sun or moon are pencils of parallel rays, because the distance of 
the foci of such pencils from the observer is incomparably great 
compared with any surface which can form the base of the pencil. 
Thus, the surface of the largest reflector is as nothing compared 
with the distance of any point in the sun ; and consequently, the 
rays which form a pencil, whose vertex is a point in the sun, and 
whose base is the surface of such a reflector, may be practically 
considered as parallel ; but this parallelism must not be applied to 
the direction of the pencils themselves which proceed from different 
points in the sun. The directions of these pencils, or, to speak 
strictly, those of their respective axes, are not parallel, the axes 
of the extreme pencils forming an angle with each other equal to 
the apparent diameter of the sun ; and the same observations 
would be applicable to any other object whose distance is so great 
that a pencil of rays proceeding from it may be regarded as 
parallel. 

These observations being premised, we shall now explain the 
manner in which images are formed by spherical reflectors of ob- 
jects which are not so distant that the rays of the pencils proceed- 
ing from points in them can be regarded as parallel. 
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Let A B c^fig, 5 1., be a concave reflector, whose centre is o, and 
whose vertex is b. Let l m be an object, whose form we shall for 
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tfae present assume to be that of ui arc of tt circle whme t 
is o. Let I. !■' atid h m' be the axes of the extreine secondarj jien.' i 
eils proceeding from thia object, and let I and m be the foci <tf 
reflection conj agate to the points i.and >i. An image of thepoinE- 

twill be formed at i, and an image of the point m w 

at m, and images of all the intermediate points between i. and u 
will be formed at intermediate points of an arc drawn from / to 
having o as a centre. 

Since the lowest point of ihe image corresponds to tfae bighest 
point of the object, and vice veraa, the image will in this case be 
inverted with respect to the object, and the liue^ar magnitude 
of Ihe imiige will bear to that of the object the same propor- 
tion as i bears to o i.. These results follow in the same man- 
ner as in the case of the images of distant objects alreadj 
explained. 

The distance o / is detenained when o i, is known bj ths> 
formulie (a) and (b), p. 48. and p. ;i.; that is to saj, the 
position and magnitude of the image will be determined when tbs:' 
position and mugnitude of the object are kooirn. In this case, 
the object i. m has been supposed to have the form of a circulu* 
arc, and its image to have a similar form. If the abject form part 
of a spherical surface whose centre is o, the image would have • 
like form ; but if the object were a straight line or flat snrfacey 
then the image would be more or less curved, and would conse- 
(juentlj be distorted. But as, in general, the angle o, uadef 
which the object ur image would be seen from the centre, is small, 
this curvature maj be disregarded, and we may assume that tbs 
image will be simLJar to the object. 

77. BpbeTloBl aliermtion of relleoton. — The pencils of rft; 
proceediug from or to the incident focus will be reflected ta 
common [>oint, onlj on the condition that the opening of tl 
reflector is limited, as was explained in the case of parallel r%] 
If it be not so limited, then the extreme raja of the pencil wiU 
converge to points sensibly diSerent from those which are witfail^ 
such limit of distance of the vertex already defioed, and henuc n' 
arise a spherical aberration. 

If even the reflector be sufficiently llmiteil in its opening, d. 
sensible epherical aberration will arise from the secondary pencils' 
which proceed from the borders of the object, and are inclined ■< 
the greatest angles to the axis of the reflector, for in this case tlu 
angle of divergence of such pencils will, as has been already 
explained, exceed that limit which would eflace the spherlcat 
aberration. Hence it arises that images produced by spheried) 
reflectors when the objects are too great, are indistinct towanU 
the borders, the pencils which form each part of the image I 
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being brought to the same focus, and consequently producing a 
confused effect. 

78. In what precedes, the position of the object before a con- 
cave reflector has been considered as being either beyond the 
centre or between the centre and the principal focus f. Let us 
now consider the position of the object to be at l m (fig. 52.), 




Fig. 5z. 

between the principal focus f and the reflector. In this case the 
image I m will be behind the reflector at the points which form the 
foci conjugate to the several points of the object l m. 

The image will in this case evidently be erect with respect to 
the object, and will be greater in magnitude than the object in the 
proportion of o / to o l. 

If the reflector be convex, the object l m (fig. 53.) will have 




Fig. 53. 

its image at the points I m, which are the foci conjugate to the 
points at l m, and those points will, according to what has been 
already explained, lie between the reflector and the principal 
focus F. 

The rays proceeding from the several points of the object l m 
will, afler reflection, diverge as if they had proceeded from the 
corresponding points of / m, and will produce upon the vision the 
same efiects as if an object had been actually placed at I m. 

The image in this case, therefore, will be erect, and it will 
be less than the object in the proportion of o / to o l. In this 
manner is explained the effect familiar to every one, that convex 
reflectors exhibit a diminished picture of the object placed before 
them. 

All the preceding observations on the effect of spherical aberra- 

B4 



56 



OPTICS. 




Fig. J4. 



tion, and the indistinctness incident to the borders of the image, 
will be equally applicable in the present case. 

79. In the preceding example, the object has been supposed to 
be placed so that its centre coincides with the axis of the reflector. 
The image, however, is determined on like principles, whatever 
other position it may have. 

Thus, let li M (^. 54.) be the object, a b c being the reflector, 

o its centre, and f its prin- 
cipal focus. From the ex- 
tremities of the object draw 
lines L o and m o through the 
centre o of the reflector to 
meet the continuation of the 
section of the reflector at 
p and Q. Let I be the focus 
conjugate to l, and m the 
focus conjugate to m, deter- 
mined according to the prin- 
ciples and formulae already 
established. Images, there- 
fore, of the points l and m 
will be formed at Z m, and images of all the intermediate points of 
the object will in like manner be formed between I and m, so that 
an inverted image of the object will be formed at I m. 

In like manner, if the object be placed at Z m, its image will be 
formed at 1, m. 

80. All the preceding results may be verified experimentally by 
means analogous to those already explained. Thus, if the flame 
of a candle be placed at l m (^. 5iO» outside the centre of a 
concave reflector, and a small semi-transparent screen, such as a 
piece of ground glass or oiled paper, be held at Z m, an inverted 
image of the candle will be seen upon it ; and, on the other hand, 
if the candle be placed at Z m, and the screen held at 1, m, the 
image will be again seen. If any object, such as one's hand, be 
presented between the principal focus f and a concave reflector, 
as at L M (^Jig. 52.), a magnified image of the hand will be sedn 
at Z 771. 

Amusing optical deceptions are often exhibited with concave 
reflectors founded on this principle. Thus, a hand presenting a 
dagger is held between o and v (^fig' 5l')» when immediately 
a magnified image of the hand and dagger is presented out- 
wards at L M. If a candle be held at l m (Jig, 54.), opposite 
the upper edge of a concave reflector, an inverted image of the 
candle may be exhibited on a screen at Z niy opposite the lower 
edge. 
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81. CrllnOrleBl ud oonloal reaeetora. — A cylindrical Eur- 
fsce is circular in one direction mid rectilinear in the other, these 
directions being at right angles to each other. A sheet of paper, 
or ft plate of metal bent into the form of a circle, will be a cjlln- 
driesl rarface. It maj be polished either on the concave or 
convex aide, thus presenting the vorletiex of a concave or convex 
cylindrical reflector. 

If a cjlindrical reflector he placed verticallj before an object, 
ite efiects upon the vertical dimensions will be the same as those 
of a plane reflector, and its effects upon the horizontal dimenoiona 
tiie Mnie as those of a spherical reflector. An imi^, therefore, 
trill be presented, which will he identical in form with the object 
in all its vertical diroensiona, hut enlarged, diDiinished, or reversed 
in its horizontal dimensions in the same manner as it would he in 
a spherical reftcctor. 

If* cylindrical reflector be placed with its axis horizontal before 
a vertical object, it will have the same effect as a plane reflector 
on the horizontal dimensions, and as a spherical reflector on the 
vertical dimensions. The horizontal dimensions, therefore, will 
be preserved in the image, while the vertical dimensions will be 
enlarged, diminished, or reversed, in the same manner as would be 
die case with a spherical reflector. 

A conical reflector, whether concave or convex. Is circular in alt 
sections made at right angles to ita axis, and rectilinear in all 
sections made by planes through its axis. It will, therefore, if 
placed with iCs axis vertical, have the effect of an inclined plane 
reSecUir on the vertical dimensions of an object, and will have the 
efiect of a spherical reflector on the horizontal dimensions ; but 
each bonKOntal sectioQ will be difierentlj magnified or diminished, 
according to the position of each section with reference, to the axis 
of the cone, since the circular section of the cone will diminish in 
•pproaching the axis, and increase in receding from it. An infinite 
variety of amusing deceptions are thus produced. 
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8z. If the surface of an opaque body were perfectly polished, 
■nd capable of reflecting regularly all the light incident upon it, 
fdoh lurface would itaelf be invisible. The images of all objects 
nlioad before it would appear in the position and with the fonn 
and mignitnde determined in the preceding paragraphs ; and an 
ofaMs-va- recdring the reflected light would perceive nothing but 
fuoh images. Thus, a plane refleciurofthat tind placed vertically 
aoailut the wall of a room, would appear to the eye merely as an 
une leading into another room, precisely limllar and similarly 
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iumished and iUnmlnated ; and an observer would only be p)«* 
vented from attempting to walk through aucli an opening bj 
encountering his own inaage as he would approach it. 

83. But such a, rcllector aa this has no practical existence, fbi^ 
there ia no surface natural or artificial possessing the power q 
reflecting regularly all the light incident upon it. The absence d 
complete polish is one of the principal causes of tfaia. 

84- The consequence is, that even the most polished Burfksea 
reflect irregularly a certain portion of the light incident upon them^ 
that ia to say, die material pnlota, the assemblage of which forinl 
Buch surfaces, becoming separately illuminated, form so man^ 
radiant points, from which pencils of light diverge, and rcnd^ 
such aurfacea visible exactly in the same manner, though much 
more faintly than is the case with unpolished surfaces, 
quantity of light which is thus irregularly reflected, and whie^ 
therefore renders the reflecting surface itself more or less visible, 
diminishes in the same proportion aa the perfection of the poliih 
of the surface increases. 

The most perfectly polished surfaces, which serve as reflectorti; 
are certain alloys of metal knowu as speculum metal. These a 
used generally for the metallic specula of telescopes, microscopes, 
and other optical instruments. 

85, When b'ght iklls, therefore, on anj imperfectly poliahed and 
opaque surface, it is disjMisedof inthree ways: — 1°. A part is re* 
gularly reflected, and forms the optical image of the object Iroill 
which it proceeded. 2°. A part is irregularly reflected, 1 
renders the surface of the reflector perceivable. 3°. A part u 
absorbed by the surface, and, consequently, not reflected. Th4 
smaller the proportion of the light subject to the two last roe 
tioned effects, the more perfect will he the reflector. 

The quantity of light regularly reflected by a given surface al 
varies with the angle of incidence. When tiie angle of inciden 
is nothing, and consequently tlie light falls perpendicularly a 
such a surface, a less proportion of it is regularly reflected, and i 
greater proportion irregularly reflected and absorbed, than 'wbt 
the angle of incidence has some magnitude, and, consequently, ^ 
light falls more or less obliquely ; and in general, as the angle ol 
incidence increases, the quantity of light reflected regularly tl 
augmented, and, consequentlyr the quantities reflected irreguluij. 
and absorbed are diminished. 

The following is given by Bouguer as the proportion of the lighi 
regularly reflected from different reflecting surfaces, at diffei«n 
angles of incidence ; — 
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8f' Table thouiing the Proportion of Light incident on reflecting 
Svrfaeet uihick are regularly reflected at different Angles of 
■Incidence, 



if" 






III the preceding tnble, the light is understood to pass from air 
(g the eeveral mudiiL indicated in the first colamn. The law by 
which the quantity nf light regularly reflected varies according tu 
the density ur other phyeiciil qualities of the media has nut been 
Mvertsined. 

It i>, however, certain that it depends upon the qualities of the 
mecUum from which the light passes, as well as those of the medium 
into which it passes. 

87. The angle of incidence has oflen so much efiect upon the 
qnantitj of light regularly reflected, that it will Bometimes happen 
tbU ft sur&ce which reflects no light regularly when the angle of 
ioddence ii nothing, reflects a considerable quantity when such 
ftogle has much magnitude. Thus, a surface of unpolished glass 
produces no image of an object by reflection when the rays fall on 
it nearly perpendicularly ; but if the flame of a candle be held in 
noil a position that the rays fall upon the surface at a very small 
angle, * distinct imafce of it will be seen. Similar phenomeun will 
be observed with surfaces of wood, of common woven stuff, and of 
jWfier blackened by smoke. 

88. When light is incident upon the surface of a transparent 
body, tacb as alasB or water, it is disposed of as follows: — 1°. A 
pirt is regularly reflected, and produces (in optical image of the 
otject from which the light proceeds. 2°. A part is irregularly 
reflected, and renders the surface visible. 3°. A part is absorbed, 
and, oonvequentlj, neither reflected nor transmitted. 4°. A part 
b tnuumitted through the transparent medium. 

If light be incident upon the surface of a transparent medium 
tmundcd by parallel surfaces, such as a flat plate of glass, oil the 
cinniaistances above mentioned wilt take place both at ila entrance 
at tbe one Burfare and its escape from the other. Light will be 
reflected rcguUrly and irregulariy at both surfaces; light will be 
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absorbed at both, and light will be Iransmitted from both. Tfc*' 
quantity of light, therefore, transmitted in such a eaae from the 
second surface will be less than the r[iiantity of light incident upon 
the first surface by the sum of all the light regularly and irr(^— 
iarly reHectcd from the first surface, and all the light regularly and 
irregularly reflected from the second surface, and all the light. 
absorbed at both surfaces in its transit through the medium. 

This will explain a phenome.non which is faniiliai' to every eye. 
A spectator stationed on the banks of a river or lake, as at g 0^- 
55-), will see the opposite bunk, and objects such as o upon it, 




reflected in the surface of the water, and will ae 
distant boats or Tessels, such as B, reflected, the images being 
verted according to what has been already explained (45.). i 
he will not see any reflection of a near object, such as a. In th^ 
case of distant objects, such as o and b, the rays o a, b r, which 
proceed from them, striking the surface of the water very obliquely^. 
the part of the light which is reflecled in the direction b. a is so. 
considerable as to make a very sensible impression on the eye,i 
although it is far from being as strong sa a uiore complete reflec- 
tion would produce, as is proved by the faet of which every one Wi 
conscious, that the images of objects thus refiecteil in water ere fkr^ 
less intense and vivid than images would be reflected from the 
Eurfiice of looking-glass. 

As for objects, such as a, placed near the spectator, they ara 
not seen reflected, because the rays a r', which proceed from them, 
strike the water with but little obliquity, and, consequently, the 
part of their light which is reflected in the direction b' a towardi 
the spectator is not sufficiently considerable to produce a sensible 
impression on the eye. 

For this reason, also, a person on board a vessel may see plmoly 
enouj[h the banks or shores reflected in the water; but if he lean 
orer the bulwark, and look down, he cannot see his own image. 
I^ however, the observer present WmseVS neatw to >iie wiiftaa 
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of the water, as, for exftmple, at two or three feet distance, the 
reJtcctlflD, though still very faint, vill in solDe coaea be sensible, so 
that he will perceive lua own image, though faintly. The im- 
pression will be stronger if mean^ be taken to exclude from the 
eye the surrounding light, bo that the only rays acting upon the 
eye shall be those proceeding from the surface of the water. 

89. Even when the traosparent medium consists of the same 
■uhstances, these effects take place if the substance composing it 
variea iq density. The successive strata oi' the atmosphere present 
Ma example of this. 

In ascending in the atmosphere the succeeding strata of air 
gradually diminish in density.* The light, tlierefore, of the sun 
■ad other celestial bodies in passing; through the atmosphere is 
tnuumitled through a succession of strata of increasing density, 
uid» subject consequently to all tlie effects justexplained. Light 
IB gradually absorbed and reflected by the successive strata of air 
througfa which it passes, and consequently the direct solar light 
which arrives at the surface of the earth Is less In quantity con- 
siderably than the light originally incident upon the superior surface 
of the atmosphere. A portion, however, of the light irregularly 
reflected from the successive strata of the atmosphere arrives at 
the earth irom these strata, in the same manner as light is received 
tram the surface of any opaque illuminated body. A part of 
the light which cal«rs the air is Absolutely absorbed by it, and a 
oertain depth might he assigned to the atmosphere, which would 
vonipletely intercept the solar liglit. It Is calculated that seven 
feet thickness of water is sufficient to intercept one half of the 
^ht trnnsmitted through it. 

90. ■Isolwiied iteo rellBCtara. — A reflecting surface con- 
veoient for certMii optical purposes is produced by blackening one 
«de of a plate of glass, lly this means the light trimsmitted 
Arongh the plate Is absorbed by the blackened surface on the other 
od^aud light is prevented from being transmitted from theoppo- 
Ae aide by the opaque coating ; consequently, the only light 
regularly reflected in this case wili be that which is reflected from 
the superior surface. 

9 1 . Common lookliiK-KlAaa- — The effects of a common look- 
ing-ghuM are produced by the reflection of the metallic surface 
ktlached to the back of the glass, and not by the glass itself. The 
efifact may be explained as follows : — A portion of the light s o, 
(_fig. 56.), incident upon the anterior surface is regularly reflected, 
■nd another portion irregularly. The former produces an image 
of the object placed before the glass visible in it; the other renders 
the surface of the glass itself visible. Another and much greater 

CoorMtif Pnnumatics," Ouf.W. 
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porljon, o o', however, of tlie light iccident upon the anterior m 
ftce penetrates the plate, aad arrives uC the posterior surface m' m'. 
This surface, coated with on amalg&tn produced bv the combiiu- 
tion of tinfoil and quieksilver, has an inteose metallic luatre, and ■ 
possesses therefore strong reflecting power. The thief part of ths 
light, therefore, which pasaes through the plate of glass is regu- 




larly reflected b; this metallic surface, and returning to the cje b, 
produces a strong image of the objects placed before the glass. 
There are, therefore, strictly speaking, two such images formed; 
first, a faint one by the light reflected regularly from the anterior 
surface ; and, secondly, a vivid one by the light reflected regulvlr 
from the metallic surface. One of these images will be before the 
other, at a distance equal to the thickness of tJie glass. 

In good mirrors wliicb are well silvered, the superior brilliancy ■ 
of the image produced by the metallic fliirfane will render the (kint ■ 
im^^ produced by the anterior surface of the ginaa invisible; but 
in glasses badly silvered, the two images raay be easily seen. 
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92. Whbv a raj of light, after passing through a transparent 
medium, enters another of a different density, or possessing other 
phyncal properties, it will change its direction at the point which 
separates the two media, and consequently the direction it follows 
in tlie leoond medium will form a certain angle with that which it 
has ftUowed in the first medium. The ray is as it were broken at 
the ^MT"*™^*^ Burfkce of the two media, which has caused this 
{JfteiKMneiloii to be called refraction. 
lliai aach a deflection really takes place may be rendered visi- 
bly evident by the following 
experiment : — Let a coin or 
any similar object c, {fig* 57.), 
be placed upon the bottom of a 
vessel and near its side, and let 
an observer place his eye at e 
in such a position that the side 
of the vessel shall intercept the 
view of the coin, which would 
only become visible by removing 
it to A. Retaining the eye in 
this pootion^ let the vessel be filled with water ; the object c will 
then be visible, and will be seen as if it were at a ; a fact which 
proves that the ray c b proceeding from the coin is bent into the 
direction b b, at the point where it emerges from the surface of the 
water, and the eye accordingly sees the coin in the direction of the 
line B B A. 

Let A B {fig. 58.) be the surface which separates the two 

media. liCt i be the point at 
which a ray e i is incident, and 
let I B be the course which this 
ray takes after entering the se- 
cond medium. Let n i n' be a 
perpendicular to the surface A b, 
drawn through the point of in- 
cidence I. A B is called the re- 
fracting turface^ e i n is called 
the angle of incidence^ and b i v\ 
b called the angle of refraction. 



Fig. 57- 
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93. The following law of refraction has been eatablulied I 
experiment : — 

/. The angles of refraction and incidence are in the son 
perpeadiadar to the refracting surface. 

II. Thv line 0/ the angle of incidence hai to the line of Ae i 
angle of refraction alicays the same ratio for the lame medim 

It will appear liereafter that, under eertain circuinalances, t 1 
elngle raj of light entering a refracting medium will be divided i 
into several, which follow different directions ; but for the present 1 
we shall limit our observations to such light only aa, after refrac- 
tion, follows a single direction. To such light tbe above law is | 
strietlj applicable. 

To explain the preceding law more fully, and to indicate the I 
manner of verifying it bj experiment, let a m b be a piece of glass, i 
having the form of a semi- cylinder, as represented in _fig. 59. I 




Let c be the centre, and a n the dinmeter of the semi-oyiindee 
Let the semicircle a o b be imagined to be drawn on a vertical cut) 
so as to complete the circle. Let oc h be the diameter pcrpendl' 
cular to A B, and let the surface a b be covered with an opaqna 
card, with a small hole to admit light at c. 1 

If the flame of a candle, or any other bright object, be held at « 
it will be visible to an eye placed at m. It follows, therefore, thai 
a ray of light striking the refracting surface ta a direction perpenn 
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dicnlar to it, such as o c, will suffer no change of direction after it 
enters it, bat will proceed in the same straight line c m as it would 
have done if it had passed through no refracting medium. Let the 
luminous point be now transferred to i, and let the line i n be 
drawn perpendicular to c o. . This line i n is the sine of the angle 
of incidence i G n. Let the eje be now moved along the arc m a 
from M towards a^ until it see the luminous point i. 

Let B be the place at which the luminous point thus becomes 
▼isible, CBwillllienbethe direction of the refracted ray. Draw 
B p perpendicular to c m. This line b p will be the sine of the 
angle of refraction r c m. 

Now if I N and b p be respectively measured, it will be found 
that B p is exactly two thirds of i n. Therefore, in this case, the 
sine of the angle of incidence will be to the sine of the angle ot 

refraction as 3 to 2 : that is to say, we shall have — =^. 

•' BP 2 

Let the luminous point be now moved to i', and let the eye be 
moved towards a imtil it see it. Let b^ be the point at which it 
becomes visible ; c b' will then be the refracted ray, i' c being the 
inddent ray. 

Draw i^ ir' perpendicular to c o, and b' p^ perpendicular to c m ; 
i^ nf will then be the sine of the angle of incidence, and b^ p^ will 
be the sine of the angle of refraction. If these two lines be re- 
spectively measured, it will be found that b^ p' will be two thirds 

of i' n\ so that we shall have, as before, — 7->=^. 
' b' p 2 

In the same manner, if the luminous point be moved to any 

other point, such as i^\ and the eye be moved towards a until it see 

it, the lines if' c and c b^ will be the incident and refracted rays, 

if^ n^' and b^^ t'' will be sines of the angles of incidence and 

refraction respectively ; and we shall find, as before, by measure- 

inent, that jjprp7=5. 

Thus, in general, in whatever manner the position of the lumi- 
nous point may be viewed, it will always be found that the sine of 
the angle of incidence will be to the sine of the angle of refraction 
as 3 to 2 ; that is to say, in one constant ratio. 

Ln this case, the incident ray is supposed to pass through air, and 
the refracted ray through glass. If the semi-cylinder a m b, in- 
stead of glass, be water, then the ratio of the sine of the angle of 
inddenee to the sine of the angle of refraction will be 4 to 3 ; so 
thai we shall have 

BP""3' B'p'^3' b"p'' 3' 
and to on. 
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Thus each transparent medium has its own particular refracting 
power, but for the same transparent medium the ratio of the sines 
of the angles of incidence and refraction is always the same. 

94. Zndez of veftuetton. — The number which thus expresses 
the ratio of the sine of the angle of incidence to the sine of the 
angle of refraction, and which in the case of air and glass is { or 
1*5, and in the case of idr and water isf or 1*333, is called the 
index of refraction. From what has been stated, it is evident that 
each transparent medium will have its own index of refraction, 
which constitutes one of its most important physical properties. 

9^. Case of liffbt passing ttom deiuier Into rarer medtom. 
— If the luminous point, instead of being moved along the arc 
o B, be moved along the arc m a, and the eye be transferred to 
the arc o b, then the incident ray will pass through the denser 
medium, and the refracted ray through the rarer medium. In 
this case it will be found that the direction of the incident and 
refracted rays, described in the former case, will be interchanged. 
Thus, if the luminous point be applied at m, it will be visible at o, 
showing that a ray of light incident perpendicularly on the sur&oe 
of a rarer medium will suffer no change in its direction. If the 
luminous point be placed at b, it will be visible at i, showing that 
if B be the incident ray, c i will be the refracted ray; and in the 
same manner, if the luminous point be placed at b^ and b.^% it will 
be visible at i' and i". 

96. Direottons of inddent and refiraoted rasrs interobanffe- 
able. — Hence it follows, that if a ray of light passing from one 
transparent medium into another transparent mediium be refracted 
in a particular direction, a ray of light passing from the latter into 
the former in the direction in which it was refracted, will, after 
entering the former, follow the direction in which the former ray 
was incident ; or, in general, it may be stated that the direction of 
the incident and refracted rays passing between the media are 
interchangeable. 

97. It follows from this that the indices of refraction between 
the media are reciprocals ; that is to say, if the index of refraction 
from air into glass be f , the index of refraction from glass into air 
will be f ; the latter number being what is called in arithmetic the 
reciprocal of the former. In the same manner, tlie index of re- 
fraction from air into water being |, the index of refraction from 
water into air will be |. 

It appears, in the two cases which have been stated of water and 
glass, that when a ray passes from air into either of these media it 
will be bent towards the perpendicular ; and that, on the other 
hand, when it passes out of either of these media into air, it will 
he hent from the perpendicular. This will be evident by reference 
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to Jig. 59. The rajs I c. i' c, t" c, entering water or glaas, are 
bent in the directions c h, c h', c b" tawarda the perpendicular 
C M i and, on the other band, the rajs b c, b' c, b" c, passing from 
glass or water into air, are bent in the directions c i, c i', c t"/roin 
the perpendicular c o. 

08. This result, being too hastilj genemliaed, is Bometimea 
niuiouiiced as follows : — When a ray of light passes from a rarer 
into a denser medium, it is bent towards the perpendicular, and 
from B denser into a rarer from the perjiendicular, which is bj no 
ueans generally true. Such a proposition is based upon the 
aupposition that tbe reflecting power alwajs increases with the 
density, whereas numerous instauces will be produced in which 
mediH of greater density will have a less refracting power, 

99, Xntfex or reaBottan liicr«iuea wltb tbe refraotliiK 
ywar> — Tbe retracting power is estimated by the index of 
refraction, one medium being said to have a greater or less re- 
ftaoting power, according as its index of refraction \i greater or 
leas than tiiat of the other. Thus, glass is said to have a greater 
refrACting power than water, because its index of refraction being 
i'SOiisgrealer than the index of refraction of water, which is 1-33, 

The propriety of this teat of the reiracting power will be easily 
mdrrMood. If the index of refraction of one medium be greater 
iImb that of another, the angle of refraction which corresponds 
W * given angle of incidence will be less in the former than in 
<Im luter; and, consequently, tbe same im^ident ray would be 
.bent more out of its course in the one cose than in the other ; that 
b to say, it would be more refr-acted. 

100. Although, however, the relractjng power of a transparent 
madium increases with every increase of its index of refraction, 
tbu poweT dues not increase in proportion to such index, but in 
proportion to a number found by subtracting i from the square 
of the index. Thus, in the case of glass, where the index of 
refraction is J, its square is |, from which t being subtracted 
Uiivet }, which represents the refracting power. In tbe sane 
UBfinar, tbe index of water being j, its atjuarii'is y, from which 
I b«iiig Bublractwl leaves ^ which represents the refracting power 
of www I or, in general, if n be the index, «'— 1 will represent 
tlw l«fVa«^lig power. 

The principle upon which this number n'— I is shown to be 
pcopurlmnal to the refracting power, does not admit of on ex- 
ptonaliuD sufficiently elementary for this work. We must, iht're- 
tim, odojit it as a datum without demonstration. 

In lio following table are given the indices of refraction of those 
ttiMpBfent substances which are of most usual o< 



A 




Spemufltl, rndli 



ATAgoalte (onHnurT ■ rBfTBCtion) - 
Sulphite of bAr^n^B - > - . I'Si? 



rtefl.ni g 



lordinvj nfrutlM) - vat 






'f i>tophDtphuIel at hf droi 



loz. THe indices of refraction given in the preccdinf; table rt 
to rajB of light passing iTOm a, vacuum into the eeveral n 
indicated. If it be required to find the index of refraction fork 
raj passing from one medium to another, it is only necee^ij to 
divide the index of the medium into which the raj is supposed to 
pass bj the ind«x of the medium from which it passea, and the 
quotient irill be the required index. Thus, if it be desired to 
determine the index of refraction for a raj passing from ntsia- 
spheric air into anj medium indicated in the table, it will be onlj 
neceasarj to divide the index of the medium whose relative index is 
reqaired bj 1 "000294, Iheindei of refraction of atmospheripiiit. 

103. It follows from this, that if a raj pass from anj mtdium 
succesuvelj through several transparent media witJi pamllel sur- 
tacea, its course in the last of tlie series will be the same as it 
would be if it had been incident directlj oa the surface of the but 

* Ordiiairj and exlnordinarj refraction will b« explained bereifter. 
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iritbout haiTing passed through the preceding media. This is easily 
proved; for let i be the angle of incidence upon the surface of the 
first medium, and n the angle of refraction. This angle k will be 
ih&angle of incidence on the second medium, in which the angtc of 
refi-nction ia »'. This angle of refraction e' will be the angle cf 
incidence on the surface of the third medium, in which the angle 
of refraction ia n". 

If n be the index of refraction of the original medium througli 
which the ray passes, and n', n", and n''' be the indices of re- 
fraction of the three succesaive media by which it is refracted, 
then the index of refraction from the first medium into the 

second will be — , and oonseijuentiy we shall have 



B7 multiplying all these together, we shall have 



»hidi is the index of refraction from the original medium through 
vhlch the ray passed to the last medium by which it has been 
nfVacted. The angle of relracticn, therefore, k", in this latter 
me^unt. would be the same if the original ray had been directly 
faietdent upon it with (he same angle of incidence. 

104. It follows from this, that if a ray of light, after pasRbg 
Uumi^ several successive media separated by parallel surfaces, 
DHc finally into the medium from which it was originally incident, 
It will issue in a direction parallel to the original ray. Thus, in 
Hm preceding example, if the original ray of light a b, aAer pass- 
mg successively through the three media, issue again into the 
niBdium throngh which it originally passed, its direction c n will 
be parallel to its original direcCion a b ; for, according to what 
hw been already proved, its course, after passing through the three 
BCdift and into the fourth, will be the same as if it passed directly 
ftwa the first medium into the fourth ; but in this case, the first 
mediiini being the same as the fourth, the ray would not be de- 
flected from its course. It must, therefore, after passing through 
ibe parallel media, preserve its original direction. 

lOJ. It a for this reason that plates of glass with parallel sur- 
bCMt mch as window glass, produce no distortion in the objects 
Men tlixi'Ugh them ; the rays from such objects, alter passing 
'* lb the glass, preserve their original direction. 



1 06. The law of refmction whicb bas been jast espbuned a 
ilhiBtrftted is attended with some remarltttble conflequeoces ii 

a of light through media of difiereDt refrBcting power*.- ] 




Fig. 6a. 
Let A B (_;%'. 60,) represeTit, as before, the aurface which s< 
ratea a medium of air a o b from a medium of glass a . 
Aocordiog to what haa been already explained, any incident raj, 
such as 1 c, will be deflected towards the perpendicular c m, M 
that its angle of re&oction shall have a sine equal to two thirds « 
that of it» tingle of inddence. Now, let us suppose the angle li 
incidence grailually to increase, eo as to approach to aright angl^ 
It ia evident that the sine of the angle of incidence i n will alt^ 
gradually increase until it approach to equality with the radiui 
c B. This will be evident on inspecting the diagram, in wlu 
1' n', 1" w", i'" h"', &o., are the sines of the successive angles 
incidence t and if we suppose the direction of the incident raj t( 
approximate as cioaely as possible to that of the line a 
of the angle of incidence wilt approach as close as possible to tftt 
magnitude of d c. 

Now, let us consider what corresponding change the angles 
refraction will au&er. Their sines will be respectively, in the ca 
of glass here suppoaed, two thirds of the sine of the angle of iiit 
deuce ; thns the sioe b p of the angle of refraction corresponfi 
to I will be two thirds of i h ; the sine a' p' of the angle 
refraction corresponding to 1' c will be two thirds of i'k'; t! 
gine b" f" of die angle of refraction corresponding to i" c will ' 
^xo thirds iif i" «" ; and soon. When the incident ray 
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to tMincidence with bc, the sine of the angle of iocidence wiU 
«p}»roBch to equality with b c, and consequentlj the sine of the 
OBgla of refraction nill be eoaal to two thirds of bc. If, there- 
fore, it were possible that a ray passing directly from b to c could 
enter the glass at c, such ray would have au angle of refraction 
whoco sign would be two thirds of the radius b c. Now, if wa 
draw c &"" to such a point that the sine of the angle of refraction 
*"" p"" shall be two thirds of the radios bc, it is evident that all 
the incident rays whose directions lie between o c and d c will 
be refracted in directions lying between c r"" and c m. In like 
manner it may be shown that all incident rays whose directiong 
lie between o c and a c will be also included after refraction 
between the lines cu and cr"", corresponding in position to 
ck"". Thus it appears that ray» of light converging from alt 
directions to the point c, will be after refraction included within 
a cone whose angle is b"" c r"". 

Hence follows the remarkable con»ec[uence, that light entering 
the glass at c, from whatever direction it may proceed, will be 
totally excluded from the space a c a'"' and s c r"", all such light 
being included, as has been observed, within the cone whose angle 

107. This may be verified experiinentally in the following 
manner. Let an opaque covering he placed on the surface a b, a 
eatail circular aperture being left uncovered at c. I«t a light be 
moved round the semicircle n o a. This light will enter the aper- 
ture c, and will Buccesaively illuminate the points of the arc 
K™' N r"". Commencing from b, it wilt produce an illuminated 
■pot near b""; as it is moved successively from b to o, it will 
illaminBte the points successively from r"" to u ; and as it is 
moved succeesively from o to a, it will illuminate succeesively the 
|>i>inta from m to r"". 

In the «ame manner it wilt be found that if the luminous point 
be placed at s"", its light, after pnssing from the point c, will fall 
WMT n, taking the direction en. If the light be moved «ucce»- 
nvtij over the parts of the arc b'"' m, it will successively illumi- 
Mle llie points of the arc from u to o j and being moved in like 
mttater from m to r"", it will successively illuminate the points of 
the arc from o to 1. 

108. Now a question arises as to what will happen if the light 
be placed between a"" and a ; for since, being at k"", the sine of 
the angle of incidence m "' p"" is two thirds of c b, this sine will 
ba more than two thirds of c b if the luminous point be placeil 
between m"" and a ; and consequently it would follow, by the law 
of refraction, that the sine of the corresponding angle of refraction 

^i>t be fRftter than the radius n 
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But since no angle can have it sine greater than tbe ntdiiu, 9' 
would follow that there C4in be no angle of refraction, and con- 
sequently tbnt there can be no refraction, for a ra; which shali 
make with the refracting surface at J a greater angle of incidence 
than b"" c h. What then, it will be asked, becomea of such a raj 
as, for example, the ray l c, making an angle of incidence i. c Mf. 
whose sine la is greater than two thirds of the radius c bP 

109. The answer is, that such a raj being incapable of refraction 
at c will be reftected, and that such reflection will follow thsi 
common law of regular reflection, so that the ra;i.c will be reflected, 
in the direction c i.', making tlie angle of reflection l'c h equal to. 
the angle of incidence l c u. Thus it follows that all rajs which. 
meet the point c, in any direction included between a"" c and a a, 
will be reflected from c in corresponding directions between r'"' c 
and Bc, according to the common laws of reflection. This maybe 
verified by obaerration ; for if the flame of a candle be moved froia 
s"" to A, it will be seen in corresponding positions by an eye 
moved in the same nay &om r"" to n, and will be seen with a 
splendour of reflection lar exceeding that produced by any artifi* 
cially polished surface. 

1 10. Hence it is that this species of reflection has been called. 
total reflection. The angle b"" c m, which limits the direction of 
the rays capable of being trojismitted from c into the superior 
medium, and of being reflected, is called the iiiait of possible {nmu- 
tnigjiion. The rajB c r"" and c K"' separate the rays which an. 
capable of refraction at c, from those which are reflected at c. 

As in the case of glass, the tiuiit of possible transmission is one 
whose sine is two thirds of the radius ; so in the ca^ of water, i$ 
would be three fourths of the radius, and, in general, it would bft 
an angle whose sine is the reciprocal of the index of refraction. 

It follows, therefore, that the limit of possible transmiMioa' 
dtminbhes aa the refracting power of the mediani increases. 

Since the angle whose sine is i is 48* 3 ^', and the angle whoM' 
Bine is f is 41° 49', it follows that these are the limits of possible 
transmission for water or glass into air. 

III. Table shoving the Limits of possible Transmixsion, corrctponding 
to the different Transparent Bodies expressed t'u the ^irit Cobaim. 
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I The properties here described may be illustmMd esperimentttUy 
by tbc apparatus represented iajig, 6l. ; 
lei abed represent a glass vessel filled 
with water, or aaj other transparent 
liquid. In the bottom is inserted a glsis 
receiver, open at the bottom, and having 
a tube such as a hmip-clumriej carried 
1 upwards and continued above the suT' 
face of the liquid. If the flame of a 
Fl(. 61. lamp or candle be placed in this receiver, 

as represented in the figure, rays from it, 
penetrating the liquid, and proceeding towards the surface dc, will 
strike this surface with Tarious obliquities. Rajs whieh strike it 
under angles of incidence within the limits of transmission will 
inue into (he air above the surface of the liquid, while those which 
strike it at greater angles of incidence will bjs reflected, and will 
penetrate the sides of the glass vesaei b c. 

An eje placed outside b c will see the candle reflected on that 
pwt of the surface de upon which the rajs fall at angles of inci- 
' deoce exceeding tbe Kmit of transmission ; and an eye placed 
■boTB the BUr&ce will see the flame, in the direction of the re- 
flected rays, striking the surface with obliquities within the limit 



111. If a pencil of parallel rays be incident upon a plane surface 
a ■*, J^. 61^ which separates two refracting media m and m', the 




ntyt of the pencil, provided tbey enter the medium m' 1 



Whulhvr the rays of the pencil enter the medium 1 
d«l«ro)in«(l by the relative refracLing powers of the I 
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H and m', and tlie magnitude of the angle of incidence of tlie 
pencil upon the surface » b'. 

If the medium m' be more reilracting than the medium m, then 
the pencil will enter the medium «', whatever be the angle of in- 
cidence; but if the medium m' be less refracting than the mediom 
H, then the pencil will enter the medium M'onlj when the angle of 
incidence ia leaa than the limit of tran amission. If it be greater 
than that limit, it will be reflected from the surface s a', according 
to the common lawa of reflection. 

If a pencil of parallel rajs be Incident succeasivelj' npon parallel 
plane surfaces separating difierent media, ita rajs will, if ti 
milted at all through them, preserve their parallekiam ; iur, (roni' 
what has been already proved, the peninl, if parallel in the me 
dium H, will be parallel in the medium m' ; and being parallel v 
the medium m', it will for the same reason be parallel in the me 
dium m'' ; and the sajne wiU be true for everj successive medium- 
through which the pencil passes, provided the surface eeparatin|> 
the media be porailel. 

But whether the pencil be transmitted at all through the auC' 
cesaive media will depend, as before, upon the relative refract- 
ing powers of the media and the angles of incidence. l£, foe 
c.'cample, at any surface, aueh as t t', the ntedium u" have leu 
refracting power than the medium m', the pencil will only enteir 
it provided the angle at which the rajs strike the surface t t' 
be leas than the limit of transuussion, otherwise the rajs will be 
reflected. 

If a refracting medium m', bounded bj parallel planes, have the 
same medium at eoA mik of it, as, for example, if the medium m' . 
be a plate of glass, and the media M and m" be both the atmo- 
sphere, the pencil of rays ab, after passing through the medium m', . 
will emerge in the direction c d, c' d', c" d", parallel t 
ginal direction a b, a' b', a" b", &c. 

This has been alreadj proved for a single ray, and will therefbrei 
be equally true for any number of parallel rays. 

113. If a pendl of parallel ra.js, after passing through a succe*- 
sion of media bounded by parallel surfaces, be incident npon the 
surface of a less refracting medium, at an angle greater than the 
limit of transmiasion, it will be reQected, and, afler reflection, will' 
return through the several media, making angles with the oth«^' 
surfaces equal to those which it made in passing through them, 
but on the other side of the perpendicular. ' 

For example, let a b. Jig. 63., be a ray of the incident pencil^ 
and let it be successively refracted by the media m, h', m" In thtt* 
du^ctiona bc, cc, and ub; and let it be supposed that, the 
medium a'" having a less refracting power than the medium i " 
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tbe My D B IB incident upon ICs surface at aa angle grenter tban 
the angle of transmission. 

_= . — _ Thia ray will consequentJy be 

— reflected in the direction e d', 

— making an angle with the surface 

fc" ~ 7)1' ■ "t ^ equal to that which d e 

— —7^ — — ^7 v ' makes with it. The rays b »' and 

j^ \. E n, being equally inclined to the 

"^ ^s BurfaceaeparatingtheniediftM''and 

T\g,6i. m', the ray E»' will be refracted by 

the medium m' in the direction n'c', 
inclined at the same angle as i> c to the surface d d', but on the 
oUier Ride of the perpendicular ; nnd in tbe same way, in passing 
throDgh the meilimn k, it will take a direction c' b' inclined to 
C c' at llie same angle as the ray c b ia inclined to it. In fine, 
it will isaae from the medium 31 in the direction b' a', inclined to 
the suT&ce B b', at tbe same angle as tbe incident ray a n is 
inclined to such surface. 

If an eye were placed, therefore, at A, it would ace the object 
from which the ray a b proceeds in the direction a' b', the phe- 
nomenon being in all respects similar to tbat of common reflection. 

1 1 4. ISiraKe, VaM XKorffuiB, Aa. ezplalDed. — These prin- 
ciples eerve to explain aeveral atmospheric phenomena, such as 
Mirage, the Fata Morgana, &g. 

In climate* subject to sudden and extreme vicissitudes of tem- 
perature, the strata of air are oflen affected in an irregular manner 
as to their density, and consequently aa to their refracting power. 
If it happen that rays proceeding from a distant object directed 
upwards after passing through a denser be incident upon tbe sur- 
facti of a rarer stratum of air, and Ihat the angle of incidence in 
(his ease eicftds the limit of transtnission, the ray will be reflected 
downwards; and if it be received by the eye of an obaerver, an 
inverted image of the object will Lu seen at an elevation much 
greater than that of the object itself. 

To explain tbis, let s, j^. 64., be an object, which if viewed 
froDi B wonid be seen in the direction r b. 

L«t >■ nnd k' be two atmospheric; strata, of which m' is much 
rare than m, and let the ray s h be incident upon the surface 
tbeae strata at sn angle greater than tbe angle of trona- 
niMkin. Such ray will in this case be reilecled in the direction 
K ■, making with the surface on angle equal to that which s m 
Dadteai with it. The eye. therefore, will ace an image of ^ exactly 
a* it would if the surface sejmrating h and m' were a mirror, and 
CMMeqaently the image a' of the object s will be inverled. If no 
CjM^Mi: obstacle tie in the line b s, the object B and tbe inverted 



image will be seen at the same time ; but if any object be i 
poaed between the eje uid b, such as a building, or elevstei 



^^^ 



Fig. 6+. 



ground, or the curvature of the eartb, then the object 8 wtll be 
invisible, while its inverted image s' will be seen. 

It sometimes happens tha.t tb« reflection takes place from a lowet 
stratum oF air towards the eye in an upper stratum, and in such 
c:ase the inverted image is seen below the object, as in ^. 65. 
which shows a frequent effect of mirage. 



115. Yarious fantastic optical effects of this kind are recorded at 
having been observed during the campaign of the French army in 
Egjpt. On this occasion, a corps of savans accompanied the army, I 
in consequence of which, the particulars of the pbenomeoa werft'l 
accurately observed and explained. W 

When the surface of the sands was heated by the sun, the lani J 
seemed terminated at a certain point by a general inundation. I 
Villages standing at elevated points seemed like iitlands in 
middle of a lake, and under each village appeared an inverted ] 
image of it. As the spectator approached the boundary of tl 
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mpparent inundatjon, the waters seemed to retire, and tbe same 
Qlnsion appeared round the next Tillage. 

116. If a pencil of parullel mja be tmnamitted suocessively 
through scTeral tranEporent media bounded bj plane surfaces 
which are not parallel, its raja will preserve their paraUelism 
tliroDghout ita entire courae, whether thej strike the flucceasive 
ffnrfacca at an angle within the limit of trucsmiasion or not. 

If the; strike them at angles within the limil of transmiBsion, 
ihej will paaa auccessivelj through tbe media, and the preaervation 
of their mutual parallelism tnaj be established hj the some rea- 
Mning M was applied to parallel surfaces; for the angles of inci- 
dence of the parallel rajs upon tbe surface of the Grst medium 
bmig equal, the angles of refraction will also be equal, and there- 
fore the rajs through the first medium will be parallel. Thej will 
therefore be iucident at equal angles on the surfaces of the two 
media, and the angle of refraction through the strata within the 
limits of transmission will be also equal, and therefore the rajs in 
passing through the second medium will be parallel ; and the same 
will be true of every successive medium through which the rays 
would be transmitted. But if they strike upon the surface of any 
medium at an angle beyond the limit of transmission, they will be 
reflected, and being reflected at the same angle at which they arc 
incident, the reflected rays must be parallel. In returning auc- 
cewively through the media they will be subject to Che like obser- 
vation, and will therefore preserve their parallelism whether they 
be refracted or reflected. 

In these observataons, it ia assumed that all the rays composing 
tbe parallel pencil are equally refrangible by the same refracting 
roediam, and to such only the above inferences are applicable. It 
will, however, appear hereafter tbat certain pencils may be com- 
posed of rays which aie diflerenlly refrangible, a case not contem- 
plated here. 

1 17. The deflection of a pencil from its original course by its 
tucceauve transmission through refracting surfaces which arc not 
parallel, is attended with consequences of great importance in the 
llteory of light, and it will therefore be necessary here to explain 
these effects with some detul. 

If two plane surfacea be not parallel, they may be conaidered as 
fomung two aides of a priam, which is a solid, having six side;', 
tliree of which are rectangular, and the two ends triangular. Such 
tt solid is represented in ^g. 66., a n c and a' b' c' are the trian- 
galar ends, which are at right angles to the length of the prism. 
Mid therefore parallel to each other. The three rectangular aides 
tn Ann'*', see's', and a cc' a'. 
Smh a prism ia shown in perspective in^. 67. 




I. The refracting angle of the priam b that angle through 
the sides of which the retracted light passes. Thus, if the light 
enter at any point of the side ji n n' a', and emerge from a point 
of the side b u c' b', then the angle of the prism whose edge is b b' 
is called the refracting angle, and the opposite aide a c c' a' ii 
called the hose of the prism. 

Frisms are distinguished according to the properties of the 
triangles which form their bas«. Thus, if the U'inngle a b c be 
equilateral, the prism is said to be equilateral; if it be right-onglei^ 
the prism is said to be recumgular ; if the sides a. b and b c of tha 
refracting angle be equal, the prism ia said to be isosceles ; and m 
forth. 

1 19. It is usual to mount such prisms for optical purposes on ■ 

pillar, as represented in _fig. 68., having a sliding tube ( with » 

tightening screw, by which the elevation may he regui- 

Plated at pleasure, and a knee-joiut at g, by which any 
desired inclination may be given to the prism. 

By the combination of these arrangements, the appaa 
ratus may always bu adjusted, bo that a peool may be 
received in any desired direction with reference to iti 
refracting angle. 

If the transparent medium composing the prism b« s' 
solid, the prism may be formed by cutting and poliah- 
ing the solid in the form required; if it be a liquid, the 
prism may be forme d of glass plates hollow, so as to be 
tilled by the liquid. 
[ 1 20. Let a pencil of parallel rays be supposed to be 

j/_N, incident at o (j^- tig.), upon one side a b of the re- 
fracting angle a b c of a prism. Let it be required tfl' 
f <S' OS- determine under what conditions such a pencil entering^ 
the prism and traversing it will be transmitted through the other 

We abal! here assume that the refracting power of the priam k: 
greater than thnt of the Eurroundiog medium. This being thfti 
case, the pencil incident upon the surface a b will enter the prianit 
whatever be its angle of incidence. From o draw o h pcrpen* 
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dioular to a n, and o nt perpendicular to 
B c, draw o F and o f', making with o h the 
ttngles POM and p' o m, eaoh equal to the 
limit of trsnamission ; and also draw die 
lines o p and o p', making angles with o m 
also equal reapectivelj to tbe limit of tranS' 
mission. It is evident, Irom what has beeii 
already explained, that in whatever direc- 
tion the incident ray would fall at o, it will, 
when refracted, fall within the angle p o v'. 
It follows also, from what has been ex- 
plained, that no raj proceeding Sum o 
and incident upon the surface b c can be 
nittcil through it unless it fall be- 
tween p and p', tbat ia, within the angle 
P op'- 

ItbeTident,then,that if these two angles POP and /( op' lie alto- 
gether outside each other, as represented in^^?-. 69., no ray incident 
at o could pass through the Burfjic!c b c ; and that, consequently, 
every such ray must be reflected by such surface. In order that 
any of the rayn transmitted through the prism, aod therefore falling 
nittun tbe angle p o p', should be transmitted, it would he neccs- 
aary that the angle p o p', or some part of it, should fall upon or 
within the angle pop'. 

Tu determine the conditions wbich would ensure such a result, we 
are to connder that the lines oh and oni, which are perpendicular 
Tespectively to the sides of the refracting angle, must form with 
«ach other tbe same angle, tbat ia, the angle m o u must be equal 
t« the roiracting angle b. 

This angle m o h is, as represented in _fig. 69., equal to the stun 
of tbe three angles » o p, m o jj', and p' o p. Therefore, the angle 
p* o F will be equal to the angle m o u, diminisbed by tvgce tbe 
Umit of tranamiuion, because tbe two angles mop' and k o p are 
reapectiTeiy equal to the limit of transmission. 

It Ibllowi, therefore, that the angle p' o p, which separates the 
raf* transmit led through the prism from tbe direction of these rays 
which ii woubl be possible to transmit llirougb the surface b c, is 
eqtul to the difference between the refracting angle b, and twice 
tbe limit of transmission. If, therefore, the refracting angle of 
tlie prinn be greater than twice the limit of transmission, the rays 
wluoh enter the prism cannot be transmitted through the two sur- 
&MS of the refracting angle, but will be refiected by it. If the 
«nglo w o tn be equal to twice th^e limit of transmission, then the 
r of thoj>M whitii pass through the prism will 
roiflc ida wit h i^tt -'v^ " _j[it o p' of those rnys which it would 
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be possible to tTansmit through the flurfnce b c. This case 
repreBentefl in Jig. yo. In this cose, none of the rajs which p 
through the priam can be tranBmitt«d through the surface b c, and 
the line o r ia the limit which separatefl the two conea of rajs, r, 
consisting of the raja which traverse the prism, and the other 
including those directions nliich would render the transmission 
possible. 
If, in fine, the angle m o m, aa represented in Jig. 71., be lest 





than twice the limit of tronsmissiiHi, then a portion of the O 
p op' will lie within the cone p o p', and all the refracted r _ 
which are included between o p and a p' will fulfil the condition 
of transmission, and will consequently pass through the surfow 
B c ; but all the others which stride the surface i 
p' and p', and between p an<i p, will be reflected. The rajJj 
therelbre, incident at the point o, which are capable 
trans|aitted through the two surfaces b a and b c of the priaai^ 
will be those whose angles of refraction are g 
and less than p o u. 

But if 1. express the limit of transmission, ai 
angle of the prbui, we shall have 



refracting 



The condition, therefore, of transmiesion at the two surfaces ii 
that tlie refractbg angle of the prism shall be less than twice tb? 
limit of transmission, and the rajs which in this case are capably 
of transmission ore those whose angles of refraction a 
surface are greater than the difference between the refrncljn) 
angle of the prism and the limit of transmission. 

To explain the course of a rsy which, poasing through the p: 
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Fig. 71. 



fulfils these conditions of 
transmission, let a b c 
(Jig, 72.) be the refracting 
angle, and p o the incident 
ray. 

The prism being sup- 
posed to be more dense 
than the surrounding me- 
dium, or to have a greater 
refracting power, the ray 
p o, in passing through it, 
will be bent towards the 



perpendicular o n, so that the angle of refraction o' o n will be less 
than the angle of incidence at o. Thus the ray will be bent out 
of its course through the angle q o o^ which is the first deviation 
of the ray from its original direction. The refracted ray o o', 
being incident on the second surface at o^ at the angle o o' n, 
will pass through this surface, and will emerge in the direction o' b 
deflected from the perpendicular. 

Since o q is the direction of the original incident ray p o, and 
Q B the direction of the emergent ray o' b, it follows that the total 
deflection of the ray from the original direction, produced by the 
two refractions, is the angle p^ q b. 

1 2 1 . If the angle of incidence of the original ray p o be such 
that the refracted ray o o^ shall make equal angles with the sides 
of the prism, that is to say, so that the angles boo'' and b o' o 
shall be equal, then the deflection of the emergent ray o' b from 
its original direction will be less than it would be for any other 
angle of incidence of the original ray p o. 

In this case it is easy to see that the angles which the incident 
and emergent rays p o and o' b make with the sides of the prism, 
and with the refracted ray o o', are equal ; for since the angles 
boo' and b o' o are equal, the angles n o o' and n o' o are also 
equal. 

But 



sm. p o n 



sm. N o o 

sin. B o' Vk 
sin. N o' o 



^=index of refraction. 



=index of refraction. 



And aince the angles nog' and n o' o are equal, it follows that 
the angles p o n and b o' v! are also equal. Therefore the in- 
cident and emergent rays make equal angles with the perpendi- 
culmrs to the two surfaces, and therefore with the two surfaces 
themselTet. 
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It is easy W show experimentally that in tliia case the deflectiotl'^ 
of the directioQ of the emergent from that of the incident ray ia a 1 
minimum, for the direction of these rays cnn be determined by I 
observation, and the deviation directly meaaured. By turning 1 
the priam p (_/%■. ;3.) on its axis, so as (o vary the angle whiofa 




the firat surface makes with the incident ray by increasing 
diminishing it, it will he found that the deflection of the direction 
of the emergent from that of the incident ray will be augmented 
in whatever way the prism may be tamed from that position 
which the incident and emergent raya are equally inclined to t 
sides of the prism. 

Izz. Means are thus obt^ned, by observing the minimuin 
deviation produced upon a ray transmitted through a prism, i^ 
determining, by a simple observation, the index of refractian ; for. 
the angle of refraction h o o', being equal to the angle n b o, 
(me half the refracting angle of the prism, and the angle of ino 
dence p a n is equal to the angle of refraction n o o', or one fai 
the angle of the prism, together with the angle o' o a, or one ha 
the deflection o' « p'. Thus, if i be the angle of incidence, and 
the angle of refraction at the first surfui;e o, and if b be Out 
refracting angle of the prism, and n the deflection, we ehRll hare' 



=i»+j» 



=1.. 



— ^ .'-^-1-^—'= index of refraction. 

By knowing, therefore, the angle of the prism, and by 
the angle of minimum deflection, the index of refraction of 
material composing the priam can be found. 

If the ray transmitted through the pj'ism do not fhlfil the coirt 
ilitioDS of transmission at the second surface, it will be rellei 
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and will therefore return to the first surface, and pass through it 
into the medium from which it came, or will return to the base, 
and be transmitted through it, or reflected by it, according as the 
angle at which it strikes it is within the limit of transmission or 

not. 

In the case represented in^. 74., the incident ray p o, striking 
upon the surface b c at o^, is reflected from it and passes to the 
base at o'\ through which it is transmitted. 

123. A reetang^ar isosceles prism of glass is often used for an 
oblique reflector. Such a prism is represented in fig, 75. The 




B 



R 



Fig. 75- 



sides A B and a c being equal, the angles a b c and a c b must be 
each 45°. If a parallel pencil of rays, of which p o is one, be inci- 
dent upon B A perpendicularly, it will enter the medium of the 
prism without refraction, and will proceed to the surface b c, on 
which it will be incident at o' at an angle of 45°. Now, the limit 
of transmission of glass being but 40°, such a ray must sufier total 
reflection, and will accordingly be reflected from b c at an angle of 
45<>, that is, in the direction of o' b, at right angles to the original 
direction p o^ 

An object, therefore, placed at b would be seen by an eye placed 
at p in the direction p o', and an object placed at p would be seen 

by an eye placed at a in the direction 
B o'. 

An object seen by reflection with 
such a prism would, as will appear 
hereafh^r, be reversed from its natural 
position. This circumstance is ob- 
j^ Tiated by using such a four-sided 
prism as is shown in fy, 76. The 
Fig. 76k ray a b proceeding from the object, 

o X 




imten tbc [iriRin perpendiculirlj, and after bdug- nfleeUd twiM 

iiuui^i'wivel J at b mnil c, emer^ea perpendicularlj in Ibe direction c n. 

12^ Let I, fyi. 77, 78., be tbe focni from which a pencil of 




Fit 7t 



ilivvrftiii); ru/H iiriH-ucdii, and is incident upon the refractmg giur- 
liu-f A li I', HI pumtiiig the media u and m 

l>('L 1 11 liii tliut ray of Uiu pencil which, being perpendicutar 10 
thi' Nurliui-, in itH axJH, and will therefore pass into the medium ■' 
willtiiiit liuvliit; itH direction changed. Let 1 d be two other rajg 
(M|iriili)iliiiit Iroiii II, f'ulliii); obliquely on the surface so near the 
|iiiiiit II iiH til hriii({ tliem within the scope of the principle ex- 
plniLiiil in (71.). Lut u is be the directions of the refracted rajs 
wliiili l«-iiij{ continued baukwatds meet the line b i at ■. Fig. 
77. i'i<|>iviii-iiU thi! uusG in which the medium u' is moK dense 
IliHii u, mill ill wliiiili, Uiurefore, the refracted rays are dellected 
liiwunlfl Hill jHirimndieulur. Fig. 78. represents the case in which 
tlii> iiii<«lii(iii m' in IcKH dense than m, and where, therefore, the re- 
iV^'li'il I'nvH lint ilitflecled from the perpendicular. In the former 
v.A'^'t ilui )Hiiiit H falls aliove i, in the latter below it. The point ■ 
**U thi'ii U> (liu jiiuus at which the rays i b and b b, or their con- 

VMH*IHttia, HH>I>1. 

VW « iti I hi'mliiru bo the focus of the refracted raja. The an^ 
»^ » «kioh i1h< iiiciditiit ray makes with the perpeodicular i b, ia 
,<,■•>«. «i' t)M> MDjilo iif incidence ; and the angle d ■ b, which the 
Jivvui.'M ,^f thp n'frautud ray makes with the perpendicular, istbe 
i«h<t, ,■■ '^'4'Wttun. 

•■.v iK £wiMti>^ 1 n of the focus of incident rays from the but- 
».■' V I'VMVMpdby/andKB, that of the focus of refracledrajB 
■"•*• "«. '•M^^fcVV^r- Since the angles which b d and 1 d make 
■«^ J w «^ M- rmli at to come within the scope of the principle 
..-»«^ * ,^l.\«d»llhaTC 



BEFRACnOIf AT PLANE SUBFACES. 8; 

md coiueqnentlj, 

But since tbe angles i and r are small, tli^ rines, bj the prin- 
ciple explained in (7 1 .)> "lay be taken hi be equal to the angles 
themselves ; and, consequently, we shall have, by the con- 
moii law of refraction, - equal to the index of refracdon n. 
Ulna ire shall have 

i-^ /-»X/... (o). 

In this case, n a the index of refraction of the rays proceeding 
tecaa the medium h to the medium h', and is consequently greater 
than 1 when ■' is more dense than u, and less than 1 when h' is 
leaa dense than m. 

^e formula (c) is equivalent to a statement that the distances 

of the foci of reli^Bction and incidence from the refracting surface 

are in the proportion of the index of retraction to 1 i that is to aaj, 

f:f::n:i. 

115. The cases represented in _fig). 77. and 78. are those of 
diverging rays. Let us now consider the case of converging raje. 
Let the rays x d be incident upon the surface a b c,Jigi. 79, 80., 
convei^ing to the point i. 




' If the nwdiam k' be more dense than m, the rays, being de- 
flected towvdi the perpendicular, would meet the axis b i at the 



f point 
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point B, more distant tbani jrom b; and if h' be less deiue thsni^ 
being deflected from the perpendicular they will meet the axis at 
the point B, less distant IrDin the surface than i. In this case, the 
some reasoning will be applicable as in the former, and the same 
formula (c) fnr the determination of tbe relative distances of I 
and B Irom b trill result. 

If I, _figa. 77, 78., be any point in an object seen by an eye. 
placed within the medium h', tbe point I will appear at b, becauHF 
the rays d e proceeding from it enter the eye as if they came fVonL 
B. The point will therefore seem to be more distant from IM 
surface Ac than it really is in the case represented in _fig. 77., and 
less distant in that representcl in^^. 78. 

lz6. This explains a familiar effect, that when objects sun! 
water are viewed by an eye placed above the surface, thay appesn 
to be less deep than they are, in the proportion of 3 to 4, 
being the index of reCractiim for water. If thick plates of glan 
with parallel surfaces be placed in contact with any visible objKt, 
as a letter written on white paper, such object will appear, whe 
seen through tbe glass, to be at a depth below the sur&ce only of 
two thirds the thickness of the glass, the index of refraction for 
glass being J. 

If a straight vrand be immersed in water in a direction per[ 
dicular to the surface, tbe immersed part will appear to be only 
three fourths of its real length, for every point of it will appear 
to be nearer to the surface thaiL it really is, in the proportion ofi 
3 to 4. If the wand be immersed in a direction oblique to 
surface, it will appear to be broken at the point where it m 
the surface, the part immersed forming an angle with the part not ■ 
immersed. 

Let Ac,^. 81., represent in this case the surface of the water, 
and let i. b l' be the real di- 
rection of the rod, b 1/ b^g 
the part immersed. From 
any point p, draw F M per- 
peadicular to the sur&os 
AC, and let m p be equal to 
three fourths u P. The point 
p will therefore appear as if 
it were at 7>; and the sane 
will be true for all points of 
the rod from b to j/. The 
rod, therefore, which reoUy 
^s from B to l', will appear as if it passed from b to f, this lina 
ing apparently at a distanca &om the sur&ce of UiTOe 
vurths the distance 11 l'. 
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1 17. Much confnsioD and coDseq^uent, obscurity prevails in tbe 
works of writers on optics of all t^ouuCriea, arising from the un- 
certain and varjing use of the terms refracting or refi-active 
power, aa applied to the eSect of transparent media upon light 
traoBmitted through them. 

Il is evident that if rajs of light incident at the same angle on 
the mrfkces of two media be more dedected from their original 
conne in passing through one than in passing through the other, 
the reJraetiTig power of the former h properly said to be greater 
than the rejriu^ng poieer of the latter. But it is not enough for 
the purposes of science merely to determine the ineiptality of re- 
Aacltitg power. It ie necessary to assign numerically tbe amount 
or degree of such inequality, or, in other words, to assign the 
mmerietd ratio of the refracting powers of the two media. 

In some works the index of refraction is adopted as the expreg- 
non of the refracting pouvr. Thus the first table in the Appendix 
to Sir David Brewster's Optics is entitled " Table of Refructing 
Foaeri of Bodies ;" the table being, in fact, a table of the indicea 
of refraction. The correct measure of the refracting power of a 
medium is, however, not the inde.x of refraction itself, but tbe num- 
ber which is found by subtracting 1 from the square of that index. 
Thus, if B express the index of refraction, n'—i would express the 
refructing power. 

TTiis measure is based upon a principle of physics not easily 
rendered intelligible without more mathematical knowledge than is 
expected from readers of a volume so elementary as the present. 
In the corpuscular theory of light, the number n'— 1 expresses the 
increment of the square of the velocity of light in passing from the 
one medium to the other ; and in the undulatory theory it depends 
on the relative degrees of density of the luminous ether in the two 
meditt. In each case there are mathematical reasons for asBuming 
il w the measure of the refractive power. 

Taking the refractive power in this sense, it may be expressed 
for any medium, cither on the supposition that light passes from a 
radium into such medium, or that it passes from one transparent 
nwdlum to another. If the refi^octive powers of two media be 
given, on the supposition that light passes froma vacunmiutoeach 
of them, the refractive power, where light posses from one medium 
to the other, can be found by dividing their refractive powers from 
a vacuum one by the other. Thus the refractive power of glass 
from vacuum being ('326, and th.at of water 07S5, the refractive 
.ywar of glass, in reference to water, will be 
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128. The term "absolute refracting power'* has been adopted 
to express the ratio of the refracting power of a body to its density. 
Thus, if D express the density of a medium, and a express its 
absolute refracting power, we shall have 



Ass 



n«— I 



When an elastic fluid or gaseous substance suffers a change of 
density, its refracting power undergoes a corresponding change, 
increasing with the density; but in this case the "absolute re- 
fracting power ** remains sensibly constant, the index of refraction 
varying in such a manner that n^ — I increases or diminishes in the 
same ratio as the density. 



CHAP. V. 

BEFRACTIOir AT SPHERICAL SURFACES. 

1 29. It has been already explained that a ray of light incident 
upon a curved surface suffers the same effect, whether by refrac- 
tion or reflection, as it would suffer if it were incident upon a 
plane surface touching the curved surface at the point of inci- 
dence; and consequently the perpendicular to which such ray 
before or after refraction must be referred, will be the normal to 
the curved surface at the point of incidence. But as the curved 
surfaces which are chiefly considered in optical researches are 
spherical, this normal is always the line drawn through the centre 
of the sphere of which such curved surface forms a part. When 
a ray of light, therefore, is incident upon any spherical surface 
separating two media having different refracting powers, its angles 
of incidence and refraction are those which the incident and re- 
fracted rays respectively make with the radius of the surfaee which 
passes through the point of incidence. 

Thus if ABC, Jig. 82., be such a surface, of which o is the 
centre, a ray of light t p, being incident upon it at p, and re- 
fracted in the direction pf, the angle of incidence will be the 
angle which yp makes with the continuation of op, and the angle 
of refraction will be opf. The sine of the angle of incidence will 
be, according to the common law of refraction, equal to the sine 
of the angle of refraction multiplied by the index of refraction. 

We shall first consider the case of pencils of parallel rays iDci- 
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} dent on spherical surfaces ; aod, secondlj, tliat of divergent or 
convergent rajs. 

It maj be here premised, ooce Ibr nil, that in what folloira such 




b of rays only will be considered as have angles of incidence 
or refruclion so small as to cone within the scope of the principle 
«xplained in' (71. )i ao that in these eases the angles of jncidenoo 
and Tefraction ifaenaelves may be substituted for their eines, and 
~ e vend ; and the area which subtend these augle«, and the 
perpendiculars drawn Jroni the extremity of either of their sides 
o the other, may indifferently be taken for each other. The re- 
ttiitioa of this in the memory of the reader will save the necessity 
of frequent repetition and recurrence to the same principle. 

130. Varallel nra. — Let ip,_/^. 8z., be two rays of a parallel 
pencil whose axis is ron, and which is incident at p upon a sphe- 
ral surface A B c, whose centre is o. 

There are two cases presenting different conditions: 

I. When the denser medium is 00 the concave, and the rarer 00 
Ihe convex side of the refracting surface. 

H. When the denser medium i^ on the convex, and the rarer 
medium on the concave side of the refracting surface. 

rat <nM«. — CoSTez avrfiuie of denaer medliun. — 
The rays 1 p {^, 82.), incident at p, entering a denstr medium, 
will be deflected towards the perpendicular o p, and will conse- 
(juently meet at a point v beyond o. The angle p o b is equal to 
the angle of incidence. Let this be called t. The angle o p r is ' 
the Mtgle of refraction, which we sball call b. 

By the common principles of geometry (Kuclid, Book I, Fi'<^ 
Jl.), we have 

If the distance b f, of the focus r, Irom the vertex b be exprened 
by r, and ihe radius b o by r, we shall have 



90 OPTICS. 

Omitting the oommon numerator b p, we shall have 

Inn 
r r p' 
and consequently 

't' n— I ^ ^ 

132. By this formula, when the index of refraction n, and the 
radius r of the surface a b c, are known, the distance of the point 
F from B can always be computed, as it is only necessary to mul- 
tiply the radius by the index of refraction, and to divide the product 
'by the same index diminished by 1. 

To find the distance of the focus f from the centre o, it is only 
necessary to subtract from the formula expressing its distance from 
B, the radius r. Thus we have 

^^ n — I n — I 

133. In the case contemplated above, the rays t p pass from 
the rarer to the denser medium. If they pass f^m the contrary 
direction, that is to say, in the direction y' p, then the index n 
from the denser to the rarer medium will be less than 1, and the 
expression for f, formula (a), will be negative, showing that in 
this case the focus lies to the left of the vertex b at f^. The same 
formula, however, expresses its distance from b, only that the 
index of refraction n is in this case the reciprocal of the index for 
the rays passing in the contrary direction. If^ then, we express 
by n' the index of refraction from the denser to the rarer medium, 
the distance of f^ from b will be expressed by 



1^=17 



n' r 



n'— I 



It is easy to show that the distance f^ b of the focus of the rays 
t' p from the vertex b is equal to the distance f o of the focus 
F of the rays t' p from the centre. To show this, it is only 

necessary to substitute - for n\ which is its equivalent, and we 



n 
find 



"^T^n' 



which is the same as the expression already found for the distance 
of F from o, but having a different sign, inasmuch as it lies at a 
different side of the vertex b. 

134. The two foci F-and f^ of parallel rays incident upon the 
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refracting surface a b o in opposite directions, are called ibeprin- 
t^lal foci, one r of tbe codvcx surface, and tite other f' of tlie 
concave eurface. It follows from what has been just proved that 
the distance of each of these foci from the vertex b is equal to the 
lUstance of the other from tbe centre o, and that purallel raja, 
wbether incident upon the convex surface of a denser, or tbe 
eoncxve surface of a rarer, mediunt, will be retVacted, convei^ng 
to s point upon the axis in the other mtKlium, deUirmintd by the 
formulie above obtained. 

135. Beeond cue. — Codcbtb sarfkoe of a deaaer medium. 
— Tbe formula (a) and (b) are eq^uallj applicable to the coae in 
wtueh tbe denser medium ie on tbe convex side of the surface a b c. 
It U onlj necessary, in this case, to consider that the value of n, 
(or the rays t p, is less than 1 . This condition abows that the value 
of r, given by the formula (a), was negative, and consequently 
that the focus would lie to tbe left of tbe vertex n, as at r'. Now, 
nnce the rays t p, after passing the surface a b c, have their focus 
■t w' they must be dirergenl, and tbe focus t" would be imaginary. 

In like manner, if the rays pass from the rarer to the denser 
nadiuin, in tbe direction t' v, the value of f will be positive, 
because in this case n will be greater than 1, and consequently 
tlie focus will lie to the right of the vertex b, as at f, the rays 
^verging tiom it being tbose which, by refraction, pass into the 
mcdioni to the letl of the surface a b c. The focus f, therefore, 
in tlii« ease, is also imaginary. 

The lame _fig. 81., therefore, will represent the circumstances 
aUmding the case in which the denser medium is at the convex 
■ide of the surface, the only difference being that in Ibis latter 
CSK r t* the focus of the rays x' f, and F'the foi.'us of tbe rays x p. 
'rtiB distances of f and f* trom b and o respectively will be tbe 
saaw as in the former cnse. 

136. To illustrate the application of the preceding formulie, 
let us suppose, for example, that the denser medium is glass, 
and the rarer ur, and that conoequently the value of n, fur 
nya poising from the rarer to the denser, is i, oud its value 
fbr raji passing from the denser to tbe rarer is — 

We have, consequently, in the case represented in,/^. 8i., 



D say, ihu distance of the principal focus of the parallel 
from u is three times the radius o b, and consequuntly its 
r o from is twice its radius. 
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tbat IB to Bay, the di9ta.ncc f" b ig equat to twice the redjua, n 
negative, since it lies lo the left of b. 

In lilce manner, it will roUow that when the aurface of the di 
medium ia concave, b r' aod r o are each equal to twice the r«£DB.I 

) 37. Since the directions of the incident and refracted rays ai 
in aU cases reciprocal and interchangeable, it follows that if, nhen | 
the denser medium is on the concave side of the surface, raja si 
supposed to diverge from either of the foci f or f" {Jig. 81.), thq" i 
will be refracted parallel to the asis rn in the oUii^r niediu: 
in the second case, if raj's be incident upon the refracting aurface ] 
in directions converging to f or r', they will be refracted paralM 1 
to the axis in the other medium. 

It maj be aeked what utility there can be in considering i 
caae of Incident rays convei^ing, inasmuch aa rays which proceec 
from all objects, whether shining by their own light, or rendei 
visible by llglit received from a luminary, must be divergent, e 
point of such objects being a radiant point, which is the focus of I 
pencil of raya radiating or diverging from it in all directioiM. 

It is true that the raya wbich proceed immediately from, u 
objects are divergent, and therefore, in the first instance, all pentn 
of rays wbich are incident upon reflecting or refracting snr&ft 
are necessarily divergent pencils ; but in optical researohcn oi 
experiroenta, pencils of raya frequently pass successively froiii « 
reflecting or refracting surface to another, and in these cafl 
pencils nhlch were originally divergent often are rendered CO 
vergent, and in this form become pencils incident upon oth 
reflecting or refracting surfaces. In such cases the pencils ^at 
imaginary foci behind the surface upon which they are ineidei 
such foci being the points to which they would actually convey 
if their direction were not changed by the reflecting or refractii 
surfaces which intercept them. 

1 53. It appears from the preceding investigation that aspbe]i< 
reliicting surface, having a denser medium on its concave aic 
always renders parallel rays convergent, in whatever direction tli 
ore incident upon it; and that, on the contrary, a spherical an 
face, having a denser medium at its eonvex side, always rende 
parallel rays divergent in whatever direction they are ini;idB 
upon it. As these two surfaces poasess these dislinguishing o] 
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properties, it will be (mnyenieut to express the former as a con- 
Ter^ot refracting aioface, and the latter aa a divergent refracting 
Bnrface. 

139. Having explained the conditions which determine the po- 
dtion of the foci of parallel rajs incident on spherical reflecting 
inrfaoeB, we shall now proceed to investigate those hj which the 
fbeiu to which diverging or converging pencils of incident rnjs 
■re refracted is determined. 

Let ABC, (^1. 83, 84.), be a «pheric:al refracting surface, of 




wMd the centre is o, and the vertex n. Let i be the focuB of the 
pencil of incident rajs, whether diverging or converging ; and let 
X be the conjugate focus of refracted rays, so that the incident 




Flg.W- 



pencil tOBj aAer refraction be converted ii 
veii^ag from or converging to the point a. 
ba ibe angle of incidence, and the angle a 
&w)t>oa. 

Lrt tliu radius no be eipreased as before by r, and let IB and 
:pre93eJ respectively by/and/'. 



ito another pencil, dl- 
The angle opi will 



We shall have, by the principles of geometry* (^. 83.), 



Hole 
■Ull 



. ibce the angle of incidence, being small, is equal to tl 
of refraction multiplied by the index of refraction, v 



• Euclid. B«ak 1. Prop. 33. 
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Omitting the common numerator b p, we shall Have 

11 V./1 1\ 

From this we infer, 

1 n 1— n . . 

f-f—r ■ • («)• 

140. By this formula, when the distance of the focus of incident 
rays from the vertex, the radius of the surface, and the index, of 
refraction, that is/, n, and r, are known, the position of the focus 
of refracted rays, that is, its distance/' from the vertex, can al- 
ways be determined. It is only necessary to observe, that when 
the value of /' obtained from the formula (c) is positive, it is to 
be measured to the right of the vertex b, and consequently lies on 
the concave side of the surface ; and that when negative it should 
be measured to the left of b, and consequently lies on the convex 
side of the surface. 

When the focus of incident rays i lies to the right of b, and 
therefore on the concave side of the surface, the distance /ie posi- 
tive ; but if I lie to the left of b, or on the convex side of the sur- 
face, then / in the formula (c) must be taken negatively. The 
index n is understood in all cases to be the index of refraction of 
the medium from which the ray proceeds to the medium into which 
it passes ; and is, consequently, greater than unity when the latter 
is denser, and less when it is rarer than the former. With this 
qualification, the formula (c) will determine the relative position 
of conjugate foci in every possible case, whether of convergent or 
divergent rays, and at whichever side of the surface the denser 
medium may lie. 

As an example of the application of this formula, let us take the 
most common case of a pencil of rays passing from air into glass. 

If the pencil be divergent and the refracting surface be convex, 
(as represented in Jig. 84.), the distance of i b, the focus of inci- 
dent rays from the vertex, will be negative, and the value of n 
will be f . Hence the formula (c) will become 

/ 2/ 2r* 
From whence we infer, 

f=:^r ' ■ (")• 

If IB, or / therefore, be greater than twice the radius,/' will 
be positive, and will therefore lie within the surface abc at a dis- 
tance from B determined by the formula (d). In this case the 
rays diverging from i, Jig, 84., will be made to converge after re- 
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fnution to b. But if the dUtaoce IB or/be less tb«D twice tbe 
radius, then tbe precedini; value of y will be negative, Bad must, 
oonsequenllj, be taken to the lefl af n, u at b' i^g- ^4-)' Cunfte- 
quently, in thin caec, rajs after refracllon will diverge, ai if tbej 
bod proceeded fi-om b'. 

In &ne, tfiB be eijual to z r, then the value of/ will be infinite, 
which indicates that in such case the refracted raj9 are puriklleh 
their points of intereection being 3t an infinite distance. 

By like reasoning, the poBition of the Tocub of refracted rays 
which corresponda to every other rarietj of position of the focus 
of incident rays may be determined. 

14.1. Id the preceding observatiouB, the focus of incident rays 
13 tujiposed to be placed upon the- axis of tbe spherieul surface. 
Such pencil id, as in tbe case of reflectors, called the prvadpid 
jtemil, and the axis the principal aeit. 

When the Ibcua of a pencil of rsys is not on the axis of tbe re- 
fracting surface, or if it be a parallel pencil when its rays are not 
parallel to such axis, it is called a aeamdary pevtil ; and its axis, 
which is tbe ray passing through tbe centre of the refracting sur- 
bce, is called a tetwidary aita. The focus of retracted rays of a 
(econdary pencil lies upon its axis, and is determinttd in the same 
iner as in the case of a principal pencil. The rays, however, 
n such a pencil will only be refracted to the same p<Mnt, pro- 
vided the distance of its extreme rays from the axis, measured on 
die iplierical surface, does not exceed a fen degrtfcs. If the rays 
bs TeCriiCted beyond ibis limit, they will not be collected into a 
•ingle point, but wiU, as in the case of reflectors, be dispersed over 
>rtun apace, and produce an aberration of sphericity. 



14,1. When a transparent medium is included between two 
irvcd surfaces, or a curved surface and a plane surlace, it is 
o»lled»Imi. 

■e of various species, according to tbe characters of the 
corTed surfaces which bound them ; but those which are olmoM 
exdusively used in optical instruments and in optical experiments, 
are bounded by spherical surfaces, and to these, therefore, we 
dull here limit our observations. 

t^ericol surfaces, combined with each other and with plane 
furfacea, produce tbe following sis species of lens, which are de- 
BBminatcd converging and divei^ng lenses, because, as will be 
explMiiod hereafti^r, the first class render a pencil of parallel rays 
loitiUmit u|>on ibem convergent, and the second class reader such 
* p«ncil divcrgeat. 
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143. Converging lenses are of the three following speeies : — 
I. The meniscus. — The form of this lens may be conceiyed to 
be produced as follows : — 




■5* ^ 



J 



Fig. 8j. 

Let ABC and aVc',^. 85., be two circular arcs, whose middle 
points are b and b^, and whose centres are o and o', the radius 
OB being greater than the radius o'b^ Let the two arcs be sup- 
posed to revolye round a line 00' bb' as an axis, and thej will in 
their reyolution produce a solid of the form of the meniscus lens. 

It is evident from this that the convexity a'b'c' of such a lens 
is greater than its concavity abc, the radius o^b' of the convexity 
being less than the radius o b of the concavity. 

II. Double convex lens« — The form of this lens may in like 
manner be conceived to be produced as follows : — 

Two circular arcs, abc and a'b'c' (Jig, 86.), whose middle 



A' fl. 
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points are b and b', and whose centres are o and o', being con- 
ceived to revolve round a line ob' bo' as an axis, wUl, by their 
revolution, produce the form of this lens. The convexities of the 
sides will be equal or unequal, according as the radii ob and o'b' 
ara equal or unequal. 

III. Plano-convex lens. — The form of this lens may be con- 
ceived to be produced as follows : — 

Let a'b'c' 0%'-87.) be a circular arc, whose middle point is 
b', and whose centre is o' ; and let a b c be a straight line at right 
angles to b' o', whose middle point is b. If a figure thus fonoed 
revolve round the line o' b b' as an axis, it will produce the fona of 
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Fig. 87. 
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a plano-convex lens, the 
side ABC being plane, and 
the side a'b'c' being con- 
vex. 

144. Diverging lenses are 
of the three following spe- 
cies : — 

I. Conoavo-oonvex lens. 
— To form this lens, as be- 
fore, proceed as follows : — 
Let ABC and a' b' c' {fis* 88.) be two circular arcs, whose 
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Fig. 88. 



middle points are b and b^ whose centres are o and o', and whose 
radii are o b and o^ b^ ; the latter being greater than the former. 
If this be supposed to revolve round the line o' o b b' as an axis, 
it will produce the form of a concavo-convex lens. Since the 
radius of the concave side a b c is less than the radius of the con- 
vex side a' b' c', the concavity will be greater than the convexity. 

IL Boable eoneaTe lens. — The form of this lens may be sup- 
posed to be produced as follows : — 

Let ABC and s! b' c' {fig, 89.) be two circular arcs, whose 



(T 




middle points are b and b', and whose centres are o and o^ Let 
thjB figure be supposed to revolve round the line o o' as an axis, 
and it will pfroduce the form of a double concave lens. The con- 
vexities will be equal or unequal, according as the radii o b and 
o' w^ we equal or unequal. 
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m. Plaao-ooBeave lens. — This lens may b^ conceived to be 
produced as follows : — 
Let ABC, fy, 90., be a circular arc, whose middle point is b, 



Ae^A 



B' 



Fig. 90. 

and whose centre is o. Now let a' b' c' be a straight line perpen- 
dicular to o b, whose middle |K)int is b''. Let this figure be sup- 
posed to revolve round o b b^ as an axis, and it will produce the 
form of a plano-concave lens. 

Examples of double convex lenses are presented by spectacle 
glasses, which are adapted to weak sight, and of double concave 
lenses by those which are adapted to short sight. 

Meniscus lenses are sometimes used for weak sight, and concavo- 
'convex for short sight; the concave side being always turned 
towards the eye. These are called by opticians periscopic glasses, 
.from the circumstance of objects being seen when viewed obliquely 
through them with more distinctness. 

145. In all these forms of lens the line o b b' is called the axis 
qfihe lens, 

146. To determine the effect produced on a pencil of rays by a 
lens, we shall first take the case of the meniscus. 

Let o,^. 91., be the centre, and o b the radius of the concave 
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Fig. 91. 



surface a b c. Let o' be the centre, and o' b' be the radios of 
the convex surface a' b' c'. Let i be the focus of a pencil of rays 
incident upon the surface a b c. Let b^ be the focus to which 
the rays of this pencil would be refracted by the sui&oe a b c, 
independently of the surface a' b' c'. 
The pencil whose focus is this point t/ will then be incident 
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upon the second surface a^ b^ c^ of the lens, and the rays from this 
pencil being again refracted by the second surface will have 
another focus b, which will be the definitive focus of the rays after 
refraction by both surfaces of the lens. In this, and in all other 
cases of lens, it will be necessary that the thickness b b' of the lens 
may be disregarded, being inconsiderable compared with the other 
magnitudes which enter into computation. 

Now let the distances ef the foci i, b^, and b from the middle 
point B or b' of the lens be expressed respectively by/jy, and/^; 
and let the radii o b and o' b' be expressed by r and r' ; we shall 
then have, by what has been already explained respecting refracting 
surfaces, the following conditions : — 

1__ n l—u 

7 r~ r • 

1 _n'_ l—n' 
f f r' • 

In this case it is the index of refraction from air into the medium 
of the lens, and it' is the index of refraction from the medium of the 
lens into air. By what has been already explained, these two 
indices are reciprocals, and consequently their product is equal to 
unity, so that we shall have n n^=l. 

Now if we multiply the latter equation by it, we shall have 

w _ n n' n— It it' 

/' 7 »^^~' 

but since n it'^1, this will become 

n 1 n — 1 

/' /~ r- ' 

by combining this with the first equation we shall have 

1 1 It— 1 «— 1 



/ / 



.(B). 



By these conditions the distance/^ can always be determined 
when f^r r'^ and n are known ; that is to say, die position of the 
focus of refracted rays can always be determined when the position 
of the focus of incident rays, the radii of the lens, and the index of 
refraction are known. 

This formula (e), by a due attention to the signs of the quan* 
titles which compose it, may be applied to lenses of every species. 
If the focus of incident rays lie to the right of the lens, as ii^ 
j^' 91 1/ VkvaX be taken to be positive ; if to the left of the lens, 
/must be taken negatively. If the centre of either surface lie to 
the right of the lens, the nidius will be taken positively ; and if to 

HI 



OPTICS, 

,he left of the leoa, it will be taken negatively. If one of the 
ace« of the lens be a plane aurface, it ma; be considered as having 
m infinite radius ; and accordingly, tlie term of the equation (e) 
n the denominator of which such radius enters will become equal 

o, and will therefore diaappear from the equation. 

When the value of ^, which lietemunee the distimce of the focus 
□f refracted rajs from n, shall have been found by the equation (h)^ 

must be taken to the right of the point b if it be positive, and to 
the left if it be negative. 

147- If the incident rays whose focus is i be refracted parallel^ 
then the distance J" of the fbcus of refrnction from b will btt 
infinite, and consequently, we sliall have ~=o- Now, in this oaae^ 

I nill be the principal focus of the surface a b c. Let this be k 
pressed by f, and we shall have by the equation (b) 



from which we infer, 

'= (.-.H-0 • ■ '"■ 

a formula bj which the distance of the focus of pitrallel tayq 
incident upon a b c con always be calculated. 

If the incident rays be parallel, their focus i will be at m| 
infinite distance, and we shall have ■>=0. la thia case, the focut 
E will be the principal focus of the parallel ravs, incident uponthq 
surface a' b' u'. 

Let the distance of this focus from b be expressed bj f', and in 
ahall find oa before from equation (e), 



-1) ir-r') ■ 



.(g). 



Thus it appears that r and f' differ in nothing save in their 
sign, the one being positive, and the other negative ; Ihe inference 
from which is, that parallel rays, whether incident o 
the other surface of a lens, n-ill be refracted to points equalljt 
distant A-om the lens, but on opposite sides of it. 

14B. The common distance of these principal foci trom the lenf 
b called ih^/oad distance otfiKal length of the leiu, 

149. If the lens be a meniecus, and composed of a refracliu 
substance more dense than air, it will render a parallel peneS 
incident upon either of its surfaces convergent, and ita princi[n) 
foci will consequently be real. This follows as a consequence Inun 
tbe formulie (>) and (c) ; for in the caae of a mtiniacuB, Kit k 
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iliaii r, ani, therefore, the value of f given by the farmula (f) 
is positive, end the value of r' given by the formulii (g) is nega- 
tive ; consequently, the focus of parallel rays incident upon A b c 
liet to the right of the lens, and the focus of parallel raya incident 
onA's'c'lies to the left of it. Parallel rays are therefore ren- 
dered convergent after refraction, and the foci are real in whicli- 
ever directioD they may pass through such a lena. 

It IB easy to show that the same will be true for double convex 
lud plano-convex lenses. In the cose of double convex lenses, 
thie radius r ia negative and r' positive ; the cnnsequenee of which 
is, that the value of i is positive, nad f' negative. In the case of' 
plaao-coDves lenses, the radius r is infinite, and the formula! (f) 
Kid (o) become 



Thus it appears, that in all the three forma of convergent lens 
parallel rays, whether incident on the one surface or on the other 
are refrftct<sd, convei^ing to a focus on the other aiiie of the lens, 
tad the foci in all such cases are consequently real. 

1 50. It is easy to show, by the same formula, that parallel rays 
incident on every apecies of divergent lens will ha refracted 
diverging from a point on the sBme side of the lens aa that at 
which they are incident. 

In the case of the concttvo-convex lens, the radius r is leas 
tb»o the radius r'; and since n is greater than 1, the value of f 
(given in the formula r) will be negative, and the value of i" (given 
in the (brmula □) positive. Thua it appears that the principid 
focus of pamltel raji incident on the aurface An c,^.88., will he 
10 the right of b, and the principal focus of the rays Incident on 
the Burlace a' b' c' to the left of b, the fori in each caae being at 
the Mune aide of the lens with the incident rays ; and, consequently, 
being in such case imaginary. 

In the case of the double cioncave lena, the radius r^it negative; 
and Bince n la greater than 1, the value of f will be n^ative, and 
that of r' positive. 

In the case of the plano-concave lena, the value of r' Is infinite ; 
and since n la greater than 1, r will be negative, and r* positive. 
- Thw it appears that in all the forma of divergent lenses, parallel 
ray* incident upon their surfaces are refrlu^ted, diverging from a 
iiCM on the «ame side of the lena as that at which they are 
incident. 

It \» n^m this property that the two classes of convergent and 
divergent lenses have received their denomination ; and It is e 

.Uurdbre, that the meniscus and plano-convex lena are opd.' . 
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callj equivalent to a, double convex lens, and tliat llle concavo' 
CDnvex and plano-concave leni are opticoll; equivalent to a double 

151, Among tlie variet teB presented bj the preceding formula:, 
there is an exceptional case which requires notice. If the radii of 
the two surfaces of a lene be equal, and their centres be both ol 
the some aide of the lens, the lena will bold an intermediate place 
between a, meniscus and a concavo-convea. In the former the 
radius of the convex surface is less than that of the ci 
iace ; and in the Utter, the radius of the concave surface is lesa 
than that of the convex surface. These radii might, however, be 
in each case as nearly equal as possible, the lenses actually retain- 
ing their specific characters. Each species, therefore, would 
approach indefinitely to an intermediate lens whose surfaces would 
have equal radii. 

It is evident that the condition which would render equal the 
radii r and r*, and give them the same sign, would render both 
the focal distances i and F* infioite, their denominators bein^ 

To comprehend this it is only necessary to consider that n 
cose of the meniscus and the concavo-convex lens, the mure nearly 
equal the radii r and r" are, the leas will be the denominators of 
the values of r and f' ; and, coneequently, the greater will be these 
values themselves, and if we suppose the diflerence between thft 
radii to be infinitely diminished, the values of f and p' will be 
infinitely increased. These conditions lead to the inference thafr 
if the radii of the two surfaces be equal, the focus of parallel rajK 
incident upon these two surfaces will be infiuitely distant from the 
Wns ; that is to say, parallel rays will be refracted parallel. 

Thus it appears that a lens formed by spherical surfaces, whose 
radii are equal, and whose centres lie at the same side of the lent^. 
will have no effect on the direction of rays proceeding through it,- 
and that such lens will be equivalent to transparent plates with, 
parallel surfaces. 

An example of such a lens as this is presented in the usual fonat- 
uf a watch glass. ^ 

152. Lenses may be composed of any transparent (uiwtaiic^ 
whether solid or liquid. n 

If they be composed of a solid, such as glass, rock crystal, or | 
diamond, they must be ground to the required form, and hav^ 
their surfaces polished; if they be composed of liquid, they hhuB' 
then be included between two lenses such as have been jnst de-;; 
scribed, having themselves no refracting power, and having the- 
forni required to be given to the liquid lens. Thus, two wat«llt' 
glaaaes, filiicvd with their concavities towards each olher, and sOi 
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inclosed at the sides as to be capable of holding a liquid, would 
form a double convex liquid lens. If their convexities were pre- 
sented towards each other, they would form a double concave 
liquid lens. 

153. The material almost invariably used for the formation of 
lenses in optical instruments being glass, it will be useful here to 
give the principal formulae, showing the position of the focus in 
lenses of this material. 

In the case of glass, the index of refraction, the incident rays 
being supposed to pass from air into that medium, is f : the 
formulae (s) and (f) therefore, in this case, become 

By the latter formula, the focal length of a glass lens can 
always be found. 

In its application, however, it is necessary to observe that when 
the convexities of the surface of the lens are turned in opposite 
directions, as in the cases of double convex and double concave 
lenses, the denominator will be the sum of the radii ; and if they 
are turned in the same direction, as in th^ case of the meniscus, 
and the concavo-convex lens, it will be the difference of the radix. 
The following general rule will always serve for the determination 
of the focus when both suHaces of the lens are spherical : — ' 

RULB. 

Divide twice the product of the radii by their difference for the 
memscue and concavo-convex lenses, and by their sum for the double 
convex and double concave lenses. The quotient will in each case be 
the focal leng^ sought 

To find the focus of A plano-convex or a plano-concave lens, we 
are to consider that it has been already proved that the focal 
length is given by the formula 



n-l' 

and since ft is - we shall have f=2 r ; 

2 

that is to say, the focal length of a plano-convex or plano-concave 
lens is double the radius of the convexity or concavity. 

If a double convex or double concave lens have equal radii, 
then the formula (r^ becomes f = r. 

The focal lengthy therefore, of such a lens i^ equal to the 
radius of eitlMrfiirfiioe. . 
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For the same class of lens the formula (e^ becomes 

1 1_1 

Mere r expresses the common magnitude of the radii of the two 
surfaces. From this we infer, 

•which supplies the following rule for finding the focus of refracted 
rays, when the focus of incident rays is given: — 

Rule. 

Multiply the common radius of the two surfaces by the distance of 
the focus of incident rays from tiie lens, and divide the product by the 
difference between ^radius and the distance of the focus of incident 
rays from the lens. 

If the distance of the focus of incident rays from the lens in this 
<;ase be less than the radius, the value of ^ will be positive, and 
the focus of refracted rays will lie at the same side of the lens with 
the focus of incident rays ; but if the value of/ be greater than r, 
then the value of /^ will be negative, and the focus of refracted 
rays will lie at the other side of the lens. 

154. Case of secondarj- pencils. — We have here considered 
those cases only in which the focus of the incident pencil is placed 
upon the axis of the lens, or of pencils whose rays are pandlel to 
that axis. The focus of the refracted rays may, however, be deter- 
.mined by the same formula for secondary pencils whose axes, 
passing through the centre of the lens b, are inclined to its axis, 
provided only the inclination be not so great as to produce such 
spherical aberration as may prevent the rays from having an exact, 
or nearly exact, focus. 




1 5 J. If X yi'tfig. 92., be the axis of the lens, and t b x be the 
greatest angle at which the axis of the secondary pencil can be 
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inclined to xx',m tbst the rnys may have a nearly exact Focus, 
the angle included between the two secoadory pencils it' u called 
tbe_fieidoflheleas. 

The angle formed by lines drawn from the edge of the lens to its 
principal focus is called the aperture of lAe Ibtu; and this cannot 
in general exceed 10° or \z° without producing an nberration of 
■phericity, which would prevent the rays of the pencil incident 
upon it from having an exact focus. 

1{6. rmBce> fornwd by lenaei. — The imageg of objects 
formed by lenses are esplMiied upon the same principles sa have 
already been applied ta the case of spherical surfaces. If an object, 
whether it be self-luminous like the sun, or receive light from a 
luminary like the moon, be placed before a lena, each point upon 
it! surface may be considered as a poict from which light radiates 
in all directions. Such a point wUl be then the focuH of a diverging 
pencil incident upon the lens, the bases of the pencil being the 
turface of the lens. 

If the pencils which thus diverge from all points of the object 
be rendered, after refraction by the lens, convergent, they will 
lave real foci on the other side of the lens, and the assemblage of 
such foci will form an image of the object. But if these pencils, 
after passing through the lens, be divergent, their foci will be 
imaginary, and will be placed at the same side of the lena with the 
object. These pencils would in such case be received by an eye 
on th« other «de of the lens as if they had origioally proceeded 
fhun these points, which are the foci of the refracted pencils, The 
usemblage of these points would thus form an imaginary image. 

All these circumstances are anolc^ous to those which have been 
already explained in the case of r«11ectors. They will, however. 
be rendered still more intelligible by explaining their application 
to glMt lenses. 

157. Since all converging lenses, having equal focal lengths, 
are optically equivalent, a double convex lens with equal radii can 
always be usigned, which is the optical equivalent of any proposed 
converging lens, whether it be meniscus, double convex with un- 
equal radii, or plano-convex. 

Since, in like manner, all dive^ing lenses having equal focal 
lengths are optically equivalent, a double concave tens with equal 
ratUi may always be assigned, which is the optical equivalent of 
an; proposed diverging lens, whether it be concavo-convex, double 
concave with unequal radu, or plano-concave. 

I j8. ^BBgv formed by donbl* oohtox leu. — It will there- 
\ ioT* be sitflicient to investigate the effects of double convex and 
doaUe eoocave lent«s with equal radii- 
J<«l A B Ctfig- 93-1 therefore, be s double convex lent, with equal 
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radii ; and let l m be an object, the centre of which is upon tbt 
axis of the lens, and placed beyond the principal focus r. Let th« 




distance of this object from b be expressed by/; let the distance oif 
its image be/", and the focal length of the lens, or its radius, be r. 
By what has been already explained, we shall have 

1_1_1 

f J y 
and, therefore, 

Since the distance of the object fh>m the lens is supposed to be 
greater than b f, we shall have /greater than r; aud consequently 
f will be negative, which indicates that the image of i. m will lie on 
the other side of the lens. It appears, also, by the preceding 
formula, that the distance f of the image from the lens will be 
greater than r, and the image I m will therefore lie beyond the 
])oint p'. 

If we draw l b 2, this line will be the secondary axis of the 
pencil whose focus is at l, and consequently tlie focus of refracted 
rays will be at 2 ; so that an image of the point l will be formed at 2. 
In like manner it may be shown that an image of the point M 
will be formed at m ; and in like manner the images of all the 
points of the object, such as i, 2, 3, 4, 5, between l and m, will be 
formed at corresponding points 1,2, 3i 4i 5, between I and m. It 
is evident, therefore, that in this case the image will be inverted. 

1 59. Since the axes of the extreme secondary pencils l I and 
M m intersect at the centre of tlie lens, we shall have the following 
proportion : — 

LM : /m::LB : 2b; 

or, which is the same, 

LM:2m::/:/; ' 

that is to say, the magnitudes of the object and its image are ap 
their distances respectively from the lens. The image, therefore, 
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will be greater^ equal to, or less than the object, according as /" is 
greater, equal to, or less than/. 

To determine the manner in which the magnitude of the image 
varies with the distance of iht object from the lens, it b only 
necessary to consider how the value of f varies with respect to 
that of / as determined by the formula established above. Let 
I' i*,^. 94., be a double convex lens with equal radii, and let these 




r 1 



Fig. 94. 



radii be expressed by r ; it appears, from what has been stated, 
that if the object o be placed at a distance from ll greater than 
twice r, its image i will be nearer to the lens than the object, and 
leas than the object in exactly the same proportion. If the object 
o be rappoaed gradually to approach the lens, its image i will 
gradually recede from it, and will be enlarged as it recedes, as 
•bown in the figure, where o^ o'^ o^^ are successive positions of the 
object, and t i' 1!" the corresponding positions and magnitudes of 
the image. 

When </f approaching the lens, arrives at a distance from it 
equal to 2 r, Uie object and image will be equal, the latter being 
aUo at the distance 2 r from the lens. 

When the object approaches still closer to the lens, its distance 
being lesf than 2 r, but greater than r, the distance of the image 
from the lent will be greater than 2 r, and the image will be much 
greater than the object. As the object approaches the lens, the 
image reeedea from it, and becomes rapidly larger ; and this in- 
praaac of the image, both in diatance and magnitude, is enormously 
augmented aa tlici object iqpproaohes the diatance r ; and when U 
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Bctuallf arrives at that distance, the image oltogetht 

having receded to bd infinite distance, and increased to an infinit* 

magnitude. 

If, on the other hand, ilie abject o, instead of approacUog the' 
lens, be supposed to recede from it, its image i will continualh: 
approach the lens, and will continuollj' decrease in magnitude. I 
might, therefore, be imagined that this decrease in its distance 601 
the lena and in its ma^itude would go on indefinil^lj ; but sue 
is not the case, for, as the ohject recedes Irom the lens, the imal 
continually approaches the distance r, but never comes within tJhi 
distance; and, in fact, if the distance of the object from the lei 
be considerable, the distance of the image from the lens will n 
sensibly differ from r. 

It must not be forgotten that in the case of a double conn 
lens with equal radii, the points upon the axis of the lens at Q 
distance r are its principal foci, and if the lens have unequal n£t 
its principal foci, determined by the fbrmuls, have similar JVi 
perties. 

1 60. Bxporlmental Uinstratloni. — All these circumatanoQ 
admit of easy experimental verification. Let p (^- 93-) be • 
point on the axis at a distance from b equal to z B f, bo that P 
shall be equal to b t. Let the flame of a candle be held at i, 
between r and p, the lens a c being inserted in an aprture formed 
in a screen so as to exclude the light of the candle from the space U> 
the left of the lens. If a white screen be held at right angles t*' 
the axis and behind the lens, and be moved to and fro, until a 
distinct inverted image of the candle shall be seen upon it, M T 
distance from the lens when this takes place will be found to be 1 
greater than twice the focal length, and to correspond exactly J 
with that which would be computed by the formula. If thqr J 
candle be moved towards p, the image will become indistinct u 
the screen, but will recover its distinctness by moving the at 
towards f' ; and if the candle be placed at p, the screen I 
placed at a distance from b equal to twice b p', a ("' " 
will be formed on the screen equal in magnitude ti 
If the candle be moved frem p towards x, the sci 
moved towards p" to preserve the image distinct; and if the ci 
be gradually moved in the direction p x, the screen must be 01 
tinuallj moved towards r". If the candle be moved t< 
distance from the lens that the diameter of the lens shall ^tc d 
insignificant proportion to ita distance, then a distinct image v 
be formed on the screen placed at the principal focus p*. If tl 
candle be placed at the principal focus p, then the screen will ibo^ 
no image of it in whatever position it may be placed behind tl 
iibutn'iU exhibit merely an illuminated disc formed by pi 




HI now roppoae such object placed at i. m ifg. 96.), before the 
principal focus P in the lens. In this cose, f being lees than r, 
the value of/' obt^ned bj the preceding formula will be positive, 




•nd, consequenttj, the focus of refracted rays will lie at the same 
ndc of the lens with the focus of incident rajs. If, then, the 
pencil of rajs diverging from i. pass through the lens, it will, after 
nfnction, diverge from the point I, more distant from the leDi 
than i^ In like manner, the pencil diverging from m will, after 
pMUBg through the lens, diverge fronm; and the same will be 
tnu of all the intermediate points of the object, so that the varioni 
pencila which diverge from different points of the object and posa 
tbrougfa the lens will, after reiraction, diverge from the corre- 
pointa of I a. The image, therefore, in this case will be 
and an eje placed to the left of the lens a b c wuald 
imei*e the rajs of the varions pencils as if thej diverged, not 
fittn s point of the object l n, but from paints of the imaginary 
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The magnitude of tlie image in this case will be greater than 
the object in the same proportion as 2 b is greater than l b. 

As the object i. m is moved towards f, its distance f from the 
lens will approach to equality with r, and the denominator of/' in 
the preceding formula diminishes, and consequently the distance 
of its image from the lens will be proportionately increased; 
therefore, as the object l m is moved towards f, its image / m will 
recede indefinitely from the lens, and would become infinite in 
distance and magnitude when the object arrives at F, which is 
consistent with what has been already exphuned of the principal 
focus. 

It appears, therefore, that whenever the object is between the 
principsd focus and the lens, its image will be at a greater distance 
from tiie lens on the same side of it, and will be erect, imaginary, 
and greater than the object. 

i6i. If an object, l m (^. 97.), be placed before a double 




Fig- 97- 

concave lens a b c, the focus corresponding to the several points 
of the object will lie between the object and the lens at distances 
determined by the formula 

It is evident from this formula that f is less than /, and that 
consequently the distance of the image I m from the lens is less 
than the distance of the object from it. It appears also that the 
distances/* and/' increase and diminish together, so that when the 
distance of an object from the lens l m is augmented, the distance 
of its image I m will also be augmented. But the distance of the 
image from the lens can never be greater than the focal length of 
the lens, because, as the distance of the object is indefinitely in- 
creased, the value of /' obtained from the formula approaches 
indefinitely to equality with r, though it can only become equal to 
it when the distance of the object becomes infinite. 

162. If a radiant point be placed in the principal focus of a 
leDS, the rays which diverge from it, after passing through the lens, 
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will be rendered parallel. This is a neceaaary consequence of the 
fact that the principal focus is tbe point to which pnraliel rays 
would be made to converge. It maj be cEtablinhed experimentally 
by placing a candle or lamp with a very small Uame in the prin- 
eip*! focus of a lens, aa shown in Jig. 98. The pencil of rays, 



dJTerging from the flame after pasaing throuj;h the lens, and hein" 
projected upon a screen plnced at right angles to them, will pro- 
duce upon the screen an illuminated circle equal in magnitude to 
the lens. 

16]. matortlon of Imaeea. — In the preceding paragraphs it 
a been assumed that tbe form of the image is in all respeeta 
tiroilftr to that of the object; and vben the image is very small 
compared with the object, which is always the case when Uie dis~ 
tAnce of the object from the lens is considerable, this may be con- 
Hdered to be practically true. But otherwise it is easy to show 
that the picture of the object produced by a lens is always more 



If, for example, the object be a flat surface placed at right 
tngles to tbe axis of the lens, that point of it which is in the axis 
will be nearer to the centre of the lens than any other point of it; 
all other points of the surfeee of the object will be so much 
the more distant from the centre of tbe lens as they are more 
diftuit from tbe point at which tbe axis meets the surface. 

Now, it has been already shown that the more distant an object 
b trom tbe lens the nearer to the lens will be its image i it follows, 
therefbre, that in the case here supposed the images of those points 
of the object which are more remote from the axis of the len.i will 
le tiearer to the lens than are the images of those points of the 
tlbfeet which ore Dearer to ^e axis of the lens. 

Il will be evident front this, that when the object is Ilat its 
Image miist tieeessurily be curved, having its concavity towards 
Iha lijna. Thus, if o' o' {fg. 99.) be a straight or flat object, 
<ytw<d •> K greater distance from the lens i, l than its princ^Ml 



110 



OPTICS. 



The magnitude of the image in this case will be greater than 
the object in the same proportion as Z b is greater than l b. 

As the object !• k is moved towards f, its distance / from the 
lens will approach to equality with r, and the denominator of /^ in 
the preceding formula diminishes, and consequently the distance 
of its image from the lens will be proportionately increased; 
therefore, as the object l k is moved towards f, its image I m ynXk 
recede indefinitely from the lens, and would become infinite in 
distance and magnitude when the object arrives at y, whidi is 
connstent with what has been already explained of the principal 
focus. 

It appears, tlierefore, that whenever the object is between the 
principal focus and the lens, its image will be at a greater disfanoe 
from die lens on the same ude of it, and will be erect, imaginaTy, 
and greater than the object 

i6i. If an object, l, m (J^, gy.\ be placed before a douUe 
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concave lens a b c, the focus corresponding to the several points 
of the object will lie between the object and the lens at distances 
determined by the formula 

^ r+f 

It is evident from tlus formula that /^ is less than /, and that 
consequently the distance of the image I m from the lens is less 
than the distance of the object from it. It appears also that the 
distances/ and /^ increase and diminish together, so that when the 
distance of an object from the lens l m is augmented, the distance 
of its image I m will also be augmented. But the distance of the 
image from the lens can never be greater than the focal length of 
the lens, because, as the distance of the object is indefinitely in* 
creased, the value of f^ obtained from the formula approaches 
indefinitely to equality with r, though it can only become equal to 
it when the distance of the object becomes infinite. 

162. If a radiant point be placed in the principal focus of a 
lens, the rays which diverge from it, after passing through the lens, 
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t* rendwed paraUel. This is « neeasarj comeqiience of the 
fact ihat the principal fbcns is ihe point to which parallel ray* 
would he made to converge- It may be ealablisberl experimentally 
l» pl»oing a candle or lamp with a verj small Hanie in the prb- 
eipal foctti of a lena, a» shown in ^. 98. The penoil of rtji, 




diverging fmni the flunie after passing through the leni, and being 
projected upon a screen placed at right angles to them, will pro- 
duce upon the screen an Ulaminated circle equal in magnitude to 
tJie lens. 

163. Dfstoitloii «f ImaKsa. — In the preceiling paragraphs it 
Im been assumed that the form of the image ia in all rcspectei 
rimilar to tlial of the object; and when the image is very small 
compared with the object, which ia always the case when the dis- 
(nee of the object firom the lens is considerable, this may be con- 
aJered to be practically true. But otherwise it ia easy to ahow 
ihtt die [HCture of the object produced by a lens is always more 



li^ for example, the object be a flat surface placed at right 
Ingles to the axis of the lens, that point of it which is in the axis 
will be nearer to the centre of the lena than any other point of it; 
■nil all other points of the surface of the object will be so much 
tbe more distant Jhim the centre of the lena as they are more 
iliitant from the point at which the axis meets the surface. 

Now, it has been already shown that the more distant an object 
la &om the lens the nearer to the lena will be its image; it follows, 
thereibre, that in tbecase here supposed the images of those points 
of the object which are more remote from the axEs of the lena will 
be nearer to the lens than are the images of those points of the 
object which are nearer to the axis of the lena. 
It will be evident from thia, that when the object ia flat ita 
necessarily be curved, having its concavity towards 
lens. Thoa, if o' o' (J^. 99.) be a atraight or flat object, 
at a greater distance from the lena l 1, than its principal 
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^□9, its image f i' will be curved 09 abown in tbe figure, d 

ncavit)' of the curve being presented to the lens ; for, ai:cordii ^ 
what has been explained, ihe eslreme j)ointa o' o', being morft,| 








distsnt from the centre of l i. than the central pnints, their ii 
i' i' will be nearer to the centre of the lens than a 
the central points. 

Thus it appears that if the object o' o' be a straight 
image will be a curved line ; and if the object be ft fiat surfaM, 
image will be a curved surface, the concavitj' in both 
presented to the lens. 

But if the object, instead of being straight, be curved, harii 
its uonvexit)' towards the lens, aa shown at o o, then its image 
will be stiil more curved, since the extreme points will be 
tively brought closer to the lens, so that the concavity of the 
presented to the lens will be greater than the convexity of 

If, on the other hand, the object be curved wi 
towards the lens, as at o'' o'', the extreme points of its image being 
relatively more removed from the lens, by reason of the gival«r 
proximity of the extreme points of the object, the image 
be less curved or less concave than the object. 

Now, it is easy to imagine that since, by increasing the conearity 
of the object, the concavity of the image will be grftduallji dind* 
nished, the object may aaaume suck a degree of concavity, '" ~ 
for example, that its image ["' i"' shall be straight of flai : ud 
that if the object be still more concave, as at o"" o"", the 
will be convex towards the lena. 

It will be underotood, therefore, from what has been here 
plained, that when a real image of an object is formed by 
l&i», or by any eijuivalent converging lene, such image differs 



1 



1 LENSES, 113 

1 the object, inasmuch na if the object ha straisht or flat, or if it ba 

1 «onTex, the image will be concave towards the leoa; and if the 

P object be couL-ave towards the letia, its im^e will ba less concave, 

•tiwgbt or convex, according to ihe degree of curvature of the 

^^M^ tt in J^' 1 00., to be within the principal focus, and the image 
^Hpliefbre to i>e imagioary. 




a 






■ 


rig. 1™- 

Let IK suppose, first, the object to be curved, with its con- 
vexhf towards the lens ; the rajs, atler passing through the leas, 
would be received by an eje at e, as if thej had diverfied from 
the points of an image 1 1 much more distant from the lens than 




tboae of the object. But as the estreme points of the object 
me more distant from the centre of the lens than its central jxiints, 
tbrir images will be relatively still more distant than those of the 
oeotral points, and the image it will consequently be convex 
tomrds the lens, and stiU more so than the object. 

If the object be straight or flat, as at o" o', the same reasonini 
will ibow that its image i' i' will be convei towards the lens. 

And in the s«me manner it may he inferred that if the object be 
tOaetye towards the lens, as at 0'' 0" and o'"o'", it« image will 
ttfher be straight, as at 1" i", or concave, but leas so towards the 
Jen^Matl'"!'". 

M^ieeting the imaginary images formed by concave lenses, or their 
mUoI equivalents. 

Unt the pencils of rays proceeding from the lens were brought to 

X 
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an exact focus, and this will be practically the case if the a 
of incidente of thu extreme rays of the pencils do not exceed k 
certain limit ; but if, from the mi^itude uf the lens, or the prom* 
mity of the object, this be not the case, eflecta will be produced! 
which have been called spherical nbermtiony which it will be nei 
sary here more clearly to explain. 

Let ABC,_fig. loi., be a plano-convex lens, having its plane i 




presented to the incident raji 



disc of card or 



lufficiently thick paper be formed, a little leaa in diiuneler than tW 
tns, and let it be attached concentrically with the lens upon dM 
/lane side, bo as to Leave a narrow ring of the glass uncoven 
round the edge of the lens, as represented inj?^-. loi. 

If this lena be now presented to a distant object, such as tl 
sun, none but the extreme rays of each pencQ will pass through itj' 
and an image will be formed of the aun by these extreme r»js at 
F, which will therefore be the principal focus of au annnlui a 
parallel raya passing through the edge of the lena. Now IS 
another circular piece of paper or card be cut ao as to cover u 
annular surface surrounding the edge of the lens, and another tC 
cover the central portion of it, ao as to leave a ring of the si 
uncovered at aome distance within the edge, as represented ^ 
^. 103. The lena being agiun preaented to the sun, it will b 
found that an image will be formed at r',j^. loi., somewhat mor 
distant from the lens than P. 

If, in fine, a diac of card be cut, equal in mngnitude with Ifas, 
lena, having a small circular ajierture at ita centre, as represenl«4 
iuj^.104.., and be in theaame manner attached to tbe lena, m 
allow only the central rays of each pencil to pass, an image of tllB 
sun will be formed at r",^- 101., still further from the lens. 

It appears, therefore, that thoee rays of the pencil which a 
nearest the centre will have a. focus further from the lens thi 
those which are more distant from it, and the more distant Uifl: 
rays of each pencil are from the axis of the lens, the nearer thdr' 

lbcu3 wil} he to the lens. 

In £ne, hj continuing this process, it will be found that if th 



lens be resolved into a series of annular surfaces, concentric with 
each other and with the lens, a aeries of imageB will be produced 

® o 

Fig. .0!. Fig. 104, 

at dislances if, d", tT", d"", &c., graduallj increasing, that pro- 
duced by the extumal anoulua being at the least diBtance, and 
that produced bj the spot surrouDdiug the centre at the greatest 
distA&ee, 

Oil comparing the eeriea of distances if, d'', d"', rf"" .... 
at which these im^es are placeil, a very important circumstance 
will be observed in their distribution. It will be found that while 
those produced by the central aanuli are crowded very closely 
togiethei', those produced by the annuli near the edge of the lens 
e Kparnted one from another by much more sensible apaoes. 

WheD the entire Burface of the lena is uncovered and eipoaed 
mt once to the object, it is evident that this series of images will be 
produced simulliLDcaualy. Some idea of their distribution along 
xjs of the lens may be formed by referring to^. !□;. 

i 1 — h 



The object being o o, and the image produced bj the small 
central spot of lenticular surface being at 1 1, the images formed 
bj llw riogt of surface immediately contiguous to this spot will be 
BTOwded together so closely in front of a screen held at 1 1, that 
thej will all be formed upon the screen with very little less dis- 
tiaetneM than the im^e formed by the central s\kA itself, so that 
hj their superposition upon the screen, all will contribute to aug- 
the brightness of the image funned upon it, without pro- 
t iiyurioua confusion or indiatiuctoeas. But not so with the 
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Fig ic6. 



much more distjLDt and more fvidclj separated images i, z, 3, 4, 
&Ct produced by the exterior rings of the lenticular surface. 
These, being at very sensible distances from the screen held a 
place of the central image, would produce a confused, cloudj, sqiI 
indistinct picture on the screen, which, falling upon the more dii- 
tinct picture produced by the central part, irould give the wboleft 
nebulous and misty appearance, when the object is a circular dlao. 

165. Experimental lUiutratlon. — These efiects may be 

dered apparent by holding a while screen at f", Jig. 101., at rigbl 

^ angles to the axis of the lens. An image of thi 

wiilbe formed round r", and beyond the edgeof thit 
image will be formed a ring or halo of light, grow- 
ing fainter from tbe central image outwards, as re-' 
presented in^. 106. 

166. Kagmltude of spberlcal Abeiratlon !» 
■HOeTent ftimu of lenses.— Tbe distance f t". 
101., measured an the axis between the focus of the 
extreme rays which pass through the edge of the lens, and tlw 
fbcuB of the central rays along which the foci of all the inl«rmB- 
diatc rays are placed, is called the lojigitadinal aberratton : the, 
point r, which is the focus of the central rays, is called the pritir- 
eipal facia of the lens i, and tbe circle whose diameter is l m, m& 
which the rays are spread, is c&lled tbe laterai aberration. 

Difierent lenses composed of tbe same material and having thq 
same focal length will have different quantities of epherical aber* 
ration, according to the different curvatures given to their Burfaceaj 
thus tbe aberration of a double convex lens with equal convex- 
ities, will be different from that of a lens with equal focal lengtli 
having unequal convexities, or of the piano-convex or meniscu), 
and the same observation will of course be applicable to divergent 
lenses, or those which are optically equivalent to a double concave 
lens. The following rules have been estibliahed to determine the 
relative amount of aberration produced by convei^ing lenses of*. 
different forms ; — 

L In a plano-convex lens, with its plane side turned to parallsl 
rays, that is, turned to distant objects if it \s to form on image 
behind it, or turned to the eye if it is to be used in magnifying ft 
near object, the spherical aberration will be 4] times the thickness. 
H. In a plano-convex tens, with its convex side turned toward! 
parallel rays, the aberration is only 1-^,1^, of its thickneu. Li 
using a plano-couvcx lens, therefore, it eboula always be so placed 
that parallel rays either enter the convex surface or emerge 

III. In a double convex lens with equal convexities, the aberra< 
Cion is 1-^ of iti thickness. 



LEKSES. 



117 



TV. In adonble conveniens, havingits radii as 2 to j, tlieabm* 
ration will be the same as in a plano-convex leus in Rule I., if the 
ude whose radius is 5 is turned towards parallel rays ; and the 
Bsme as the plano-convex lens in Rule U., if the aide whose radini 
U 2 is turned to parallel ra^ia. 

V. The lens which bw the least spherical aberration Is a double 
convex one, whose radii are as 1 to 6. When the face whose 
radius i> i is turned towards parallel rays, the aberration is onlj 
'■mrof '"tbicltness. 

These reauSts are equally true of plano-concave and double 
concave lenses. 

If we suppose the lens of least spherical aberration to have its 
aberration equal to i, the aberration of the other lenses will be as 
follows ;— 



167. A lens of the form of least aberration, as ex- 
plained in the fifth of the above rules, is shown in sec- 
tion in its proper proportions in Jig. 107,, and it is 
evident upon inspectioa that it difiers little from a 
piano 'Convex lens. 

168. If the object to which a converging lens is 
presented is verj distant fruiii it, and consequently the 
image proportionately close to it, as is the case, for 
example, with the object glasses of telescopes and 
opera-glaasea, the more convex side of the lens must 
be turned to the object. But ii^ on the contrary, the 
object be very close to the lens, and consequently its 
image comparatively distant Jrom it, as is the case in 
the compound microscope, the flatter side of the lena 

"' ' must be turned to the object. 

The close approximation which the farm of lens representod in 
Jig. 107. has to a plano-cunve.\ 1«ub, must render it evident that 
tin aberration of the one cannot differ much iroui that of the 
Qtbert and it appears in fact by the numbers given in the second 
snd fifth of the above rules, that when two such lenses have equal 
tUckuesses, the proportion of their aberrations will be that of 107 
to 117, or, what is the same, 100 to 109 ; so that the aberration 
of the pUuo-convex exceeds that of the lens of least aberration by 
tut iiinre than au eleventh of its wJiole amount. The consequence 
ot this has been that, in practice, especially in the case of the 
objctit-glasses of micruacopes, the plano-convex leus has been used 
Dii account of the much greater facility of working it. 
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pittDG side of such a lens should be turned towards the object when 
Dear, and tbe convex side, when distant. 

169. Aberratiau diminlmlied bj- oomponDd lenasa, pro* 
poaed by 81r7olm Xenc&el. — -Although no expedient bag been 
discovered by which the spherical aberration of single lenses a 
be rendered less than \-oy of their thicknesg, jet, by combining 
different lenses in such a manner as to give their curvature a 
trarj spherical influences, so far as relates to aberration, a great 
decrease, and even tbe total removal, of their imperfections rasy be 
accomplished. 

Sir John Herschel has shown tbat if, instead of a double com 
lens, two plano-convex lenses be used, so placed that their 
Texities shall be turned towards each other, the plane side of one 
being turned towards the object, and that of the other towards tha 
eye, their combined aberration will be only O'Z^S, or a fourth of 
their thickness, provided that the focal length of om 
that of the other. When this combination is used for the ob- 
ject-glass of a telescope, the lens of less curvature must be pre- 
sented to tbe object, and when used as a simple microscope it 11 
be turned towards the eye. It appears, therefore, that this c 
bination reduces the spherical aberration to one fourth of ill 
iuuou:it in a single lens of the best form. 

If the two plano-convex lenses in this case have the u 
vature, the spherical aberration will be 0603 of the thichnen, 1 
bang a little more than half that of a single lens in its best {ana. 

Sir John Herschel has also shown that tbe spherical aberrattoil 
may he nhoUy effaced by tbe euimbinatian of a double ci 
c with a meniscus u, having suitable curvatures. In this ease the 
convex side of u must be turned towards c, and when the lens it 
used as on object-glass, c must be turned towards ihe object ; but 
if the combination be used as a simple microscope, c most be 
turned towards the eye. 

170. Table oftlielr ovrratiirea, — The following are the radii- 
and focal lengths of two combinations of these lenses, as confuted ' 
by Sir John Herschel; — 
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171. From all that has been here espldned it appears that 
the spherical aberration is augmentei) with the curvature of the 
letw and the shortness of itJi focal length. It follows, therefore, 
that any expedient by whicb a leiis of a gWen focal length can be 
nbtsioed vitb a less curvature will supply a means of diminishing 
the ^herical aberration vfithout diniinisbing the power of the 
lens. But since the focal length of a lena is dinuDisbed as the 
index of refraction of the substance of which it consists \a in- 
creased, it follows that if two lenses of the same focal length be 
oonstnicted of different materials, that of which tbe material has 
the greater refracting power will have less convexity, and, conee- 
qtiently, less spherical aberration. 

172. Ham lensaa. — One uf the most obvious expedients, 
(heT^ore, to diminish the efiectt uf spherical aberration is to find 
transparent media suitable for lenses, whose relracting power is 
greater than that of glass. Several transparent substances having 
this important property are found among tbe precious stones. 
The diamond, more particularly, has a greater refracting power 

' dun any known transparent body. This advantage, and some 
other optical pn^rtiea, induced Sir David Brewster and dome 
other scientific men to cause lenses to be made of diamond, sap- 
pture, ruby, and other precious etonexj and sanguine hojies were 
(stertajned that vast improvements in microscopes would result 
from their substitution for glass lenses. 

173. Hiese hopes have, neverttieless, proved delusive; for, not- 
withstanding all that enterprise, skill, and perseverance could 
aecompliih, as well on the part of scientific men, such ns Sir David 
BrewaCer, and practical opticians, such as Prilchard and Charles 
Chevalier, the attempt has beea abandoned. Independently of 
the cost of tbe material, difficulties almost insuperable arose from 
the heterogeneous nature of the gems, their double refraction, and 
the imperfect transparency and colour of some of them. The im- 
proveinent of simple microscopes composed of glass lenses by the 
inventiun of doublets, and by the proper combination and adap- 
tktion of their curvatures, was aLso such as to render their per- 
formanoG little, if at all, inferior even to the gem lenses, while 
their cost is not much more than a twentieth of that of the latter. 

Although it is not possible to efface altogether tbe effecta of 
■pbericil aberration, yet they hart; been ao considerably diminished 
by tlie adaptation of the curvatures of the lenticular surfaces, that 
in well -constructed optica! instruments they may be regarded as 
entintly romoveil for all practical purposes. This is accomplished 
' by giving to llie two sides of the lens different cur' 
■dapliH) that the aberration produce<l by one shall be ui 
counteracted by the aberration produced by the olhur. 
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174. JLplauatle lenae*. — Lensea, or combinations of leiuM, 
which thus prftcticall)' viTucc the eflects of spherical iiburration are 
asid to be aflanatic, from two Greek words a (a) and •*tf*o 
(pl&ne), which signify no strayvag. 

175. mnmliiattau of Imagv, — Foroptical purposes it is not 
enough that the image of an object produced by a lena shall be 
clisttnct in its lineamenta, which it will be in proporlion u the 
spherical aberration is eSkced ; it must also be sufficiently ilia- 
minated io affect the eye in a sensible manner. Now the intaudtf 
nf the illumination of such an image wilt, caterU-paribuM, be]mi- 
portional to the number uf rays proceeding from each point of (to 
object, which are collected upon the con'esponding point of tiM 
image, and it ia eaay to show that this will depend upon the tui^e 
formed by lines drawn from any point of the object to the extreme 
eUpen of the lens. 

mple, let 11. and i.'i.', {Jig. 108.). be two leniestif 





of the some object, ooro', 
them, eucb images having equal 



Nnw it 19 evident, by mere inspection 
of the figure, that the number of rajB 
which converge upon b point of the image 
1 1 irill be tho9e included irtthin a, cona 
ivhoae verheic is the point upon the ob< 
ject and whose base is the leas i. l. Ill 
the same manner, the number of ray) 
which converge upon the corresponding 
point of the image I'l' will be those in- 
cluded within a cone whose vertex ia A 
point upon the object and whose base la 
the lens l' l'. 

But the number of these rajs will ob- 
viously be proportional to the square of 
the angle loi. or l'o'l' formed by lines 
drawn from a point of the object to the 
extremities of the lens. This angle is 
the angidar aperture of the lens. 

In the case presented in the figure, 
therefore, the illumination of the image il 
will be grentcr Iban that of i' i' in the 
same proporliou us the sijuare of the angle 
I, o t ia greater than Ibe square of the 
angle l'o'i,'. 

We have here supposed the object to 
be very near the lens, as it always is in 
microscopes. If it be very distant from 
the lens, ss it is in telescopes, the rays 
which proceed from any point of it, and 
»bi(.'h are received upon the lena, are 
parallel; and in that case the number of 
rays collected on each point of the image 
will be in the exact proportiun of the area 
of the lens, or, what is the same, of the 
square of ita diameter. Thus, for ex- 
Buiple, if Images of the sun be produced 
by two lenses having equal focal lengtis, 
the diameter uf one being twice that of 
the other, the images will be equal in 
magnitude, but the illumination of one of 
them will be four limes more inleuae than 
that of the other. 



laz OPTICS 

176. UboM of lii««aa«d apBrtnre. — How much the di»- 

tinutneaa with which the iiuai;!! nl' an objuc^t is retiilL-red perceptible 
ia increased by augmenting the angular aperture of the lenB by 
which the image ia produced, vill be underetocHl b; reference CO 
J^. 109., in which seveu drawings are given made frnm the ir 
of the same object produced bj the same lens, to which different 
angular apertures were successively given bj covering more or lew 
of its edges. These drawings were made by the late Dr. Goring 
t4) iliuatraCe the advantage of large angular apertures in the' case 
of the object-glasses of microscopes. With the smallest aperture 
the image appeared as shown at a, aud as the aperture was 
gradually incruased, it assumeil the successive appearances shown 



177. Objeota Invlatblfl to Uie naked 070 reodered vlstble. 

— Independently of the effect they produce by m^nilying the 
images of distant objects, lenses and refleutors are capable of 
rendering distant objects visible which would be invisible to the 
naked eye, by increasing the quantity of light proceeding from 
them which enters the eye. The light which produces vision, ai 
will be more fully explained herean^r, enters the eje througb a 
circular aperture called the pupil, which is the black circular spot 
surrounded by a coloured ring appearing in tbe centre of the front 
of the eye. It la clear that when the eye receives the rays di- 
verging from a distant object, as shown inji^. 1 10., the number of 
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Kbne of the rays which fall outside that cone can enter the eje or 
(ymtribute in anj way to produce vision. But if a convex lens, as 
in^. III., be interpoeed, so large as to receive all the rajs of the 
cone shown !□ _fig. 1 10., and if this lens be capable of converging 
these rajs fai a focus at a short distance beyond it, tbe eje placed 
at or very near the focus will receive all the rajs into the pupil. 
Patting aside, therefore, all consideration of the magnifying power 
of tlie lens, it will obviously have the effect of augnientiag iJie 
quantity of light received by the eye from each point of the object 
in the proportion of the superficial magnitude of the lens to that 
of the pupil; or, what is the same, in the proportion of the square 
of the diuneter of the letia to the square of the diameter of the 

Since the diverging rays may be equally rendered convergent 
by a concave reflector, the latter may be used to produce the same 
effect, as shown in fig, 1 1 z. 



Ij9. Balar UK&t oompannd. — In the preceding chapters 
lig-ht htu been regarded, in relation to transparent media, as a 
simple and uncompounded principle, each raj composing a [pencil 
ti^Qg mbject lo the same efTecls. That all light is not thus sub- 
ject jla untlbrm effects, is rendered manifest by the foilowing expe- 
rimeat of Newton : — 

I^ a pencil of parallel rajs of solar li^ht be adgiitted through a 
circnbr opening p (_fig. 1 1 3.), about half an inch in diameter, 
made in a screen or partition st, all other light being excluded 
froM tlie space into which the pencil enters, If a white screen 
xz bo plnoed (laniUel to st, and at a distance from it of about 
I Z bet. s circular spot of light nearly equal in diameter to the 
hole vUl appear upon it at f', the point where the direction of the 
pffioil meets the screen. Now let a glass prism be placed at abc, 
witli tbe ed^e of its refracting angle b in a horizontal direction, 
and pnoented downwards so as to receive the pencil upon its ^de 
4 k Bt q. According to what has been already explained, the 
pmoil would be refracted, iu passing through the surfaci; a b, in 
lite direction qi. towards the perpendicular ; and it would be again 



refracted in emerging from the eurface c b from the perpendicaltf 
in the direction l k. It might therefore be expected that tlia 
effect of the priam would be merely to move the spot of light front 
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t' to some point, such as k, m 
phenomenon, however, will be 
light, the screen will pn 
of which is represented 
front of the acret-ii. 



ire elevated upon the screen, Tbft 

wc.c, ".u uc very clifferent. Instead of a spot of 

— i^iin, miE ai.f=isu will prusGtit ail (ibton^ eiiloured space, theoutlins 

of which is ••■' - ■ " - -■■■' 




it'd experiment is shown 
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179. Tba prlunatla apeotniiii. — The sides of this oblong 
figure are parallel, straight, and vertical ; ita ends are eemicircular, 
and its length consisla of a series of seven spaces, vividly coloured, 
the loireat Hpace being red, b ; tbc next in ascending orange, o ; 
ind the succeeding spaces jellow, t ; green, g ; light blue, b ; dork 
blae or indigo, i ; and, in fine, violet, v. 

These several coloured Gpaxies are neither equal in magnitude 
nor uniform in colour. The red space b, commencing at the 
lowest point with a faint red, increases in brilliancy and intensit; 
upwards. The red, losing its intensity, gradually melts into the 
orange, bo that there is no definite line indicating where the red 
Oidj and the orange begins. In tlie same manner, the orange, 
■ttUDiDg its greatest intensity near the middle of the space, gra- 
dullj melts into the yeUow ; and in the same manner, each of 
4a succeeding colours, having their greatest iutensities near tlie 
middle of the spaces, melts towordB its extremities icito the odja- 
eait colours. 

The proportion of the whole length occupie<l by each space 
will depend upon the sort of glass of which the prism is composed, 
ffit be flint glass, and the entire length mn be supposed to consist 
of 360 equal parts, the following will be the length of each suc- 
ceeding colour, commencing from the violet downwards : — 

1=,; ; : : ; ; i 

Red"*" I r r I . . jj 



It appears, therefore, that the ray of light r a, after passing 
throtigh the prism, is not only deflected from it« original course 
Kt p*, but it is resolved into an infinite number of separate rays 
of light which diverge in a fanlike form, the estreme rays being 
LB and le', the former being directed to the lowest point of the 
coloured space upon the screen, and the latter to the highest 
point. The coloured space thus formed upon the screen is called 
the primalie ipectrum. 

180. Omopoaitlan of malax VkftA. — From this experiment 
the following consequences are inferred : — 

L Solar light is a compound principle, composed of several 
ptrtB differing Irom each other in their properties. 

n. Tlie several parts compouag solar light differ from each 
other in rcA-angibility, those rajs which are directed t« cbe lowest 
part nf the spectrum being the least refrangible, and those directed 
la the highest part being ibe most refrangible ; the rays directed 
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to the intermediate parts having intermediate degreee of refrangi- 
bliity. 

III. Rajs which are diHerentlj refran^ble arc also dlfierentlj^ 
coloured. 

IV. The least refrangible rays composing solar light are the rod 
rays, which compose the lowest divinion h of the epectru ~ 
these red rajs are not all equally refrangible, nor are tbejr pre^, 
ciselj of the same colour. The moat refrangible red rays anf| 
those which are deflected to the lowest point of the red »paee n^ 
and the least refrangible are those which are directed to ihii) 
point where the red melts into the orange. Between these there 
are ui infinite number of red rays having intermediate degrees of 
refrangibility. The colour of the red rays varies wiUi theix 
re&aagibilily, the most intense red being that of rays whose 
refrangibility is intermediate between those of the extreme rays 
of the red space. 

The same observations will be applicable to rays of all the 
other colours. 

V. Each of these components of solar light having a different 
refrangibility will have for eacb transparent substance a different 
index of refraction. Thus the index of refraction of the red raji 
will be less than the index of refraction of the orange rays, and 
these latter will be less than tlie index of refraction of the jelloi 
rays, and so on ; the index of refraction of violet rays being greater 
than for any other colour. 

But the rays of each colour being themselves differently refran- 
gible, according as they fall on different parts of the coloured 
apace, they will, strictly speaking, have different indices of re* 
tion. The index of refraction, therefore, of any partjcnlar Ck,„_ ^_ 
must be understood as expressing the index of refraction of Xh^ 
middle or mean ray of that particular colour. Thus, the index oS 
refraction of the red raya will be the index of refraction of tba 
middle ray of the red space ; tbe inde^ of refraction of the 
rays will be the index of refraction of the middle ray of the 
space ; and so on. 

It must not, however, be supposed that a pencil of solar light 
consists of separate and distinct raya of the different colours irbiclL 
form the spectrum, so that it might be possible by any meobanical 
division of such a pencil to resolve it into such rays. Each UH 
dividual ray of such a pencil is composed of all the rays of tlif 
spectrum, just as the gases oxygen and hydrogen, which arc ' 
diemical constituents of water, enter into the composition at 
particle of that liquid, no matter how minute it be. 

I El. Bxperlmeiita which oonflnu the precedlnr biihI 
arUgbt, — Tbe validity of th-e preceding analysis of light u 
Brmed by the ibtlowing observ atiana and eK.^timent3 : — 



ANALYSIS OF LIGHT. 1 27 

If the spectrum produced by tbe decooipoaition of the raj' a, 
ifig- 1 1 S-)i ^fthe priem p, bethrowuupon u screea b, tbe apectrum 
may be made to .iscend by turning' tht priam p upon ita nxis, so 
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lemoTcd from its true position in lucending from the red to tba 
violet. This plienotuenou is obviously the result of the 
refrangibilitiea of the dL£rerent colours. 

Instead of artificial colours, let the Hpectruiii itself be thrown 
upon B, screen, as shown in _fy;. 1 1 7., so tbitt its position will be 
that indicated by the duttt'd lines. 




Let a second prism, (_fig. 1 1 7.), having its refracting angle 1 
tical, be now interposed, and the spectrum n ill be thrown intothg 
oblique position r* u', shown in the figure. The coloured epiae 
occupied bj the spectrum in this case will not farm, as ia_fig. 1 164 
a eeriea of ascending steps, but will be bounded by nniforra ■ 
parallel lines, which is exploited by the fact already stated, that' 
the light composing each of the coloured spaces s, o, t, &c. of tho 
spectrum is not uniformly refrungible. 

The rays which illuminate the red space B increase gradually in 
refrangibility from the extremity a to the boundary of the orange 
tpace ; and In like manner, the rays which illuminate the orange 
gpace o in(:retise gradually in refrangibility to the boundary of the' 
yellow space ; and so on. 

Hence it is that the boundary of the image of the spectrum a S. 
line uniformly inclined to A l. The divisions of the coloured sj 
in the image correspond, however, with those of the Bpectninl) 
each colour in the image being vertically above the corresponding 
colour in the spectrum. 

1S2. Aa the solar light is resolved by the prism into the Tariona 
coloured lights exhibited in the spectrum, it might be expected 
that, these coloured lights being mixed together in the proportioa 
in which they are found in the spectrum, white light would be re- 
produced. This ia according! J found to be the case. If the spoc- 
trum formed hy the prism abc, Jig. 1 1 S., instead of being thrown 
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upoD a screen, be receired upon a. concave reflector mm, tlie rajs 
trfiicb diverged from the priBia and form the spectrum will be 
reflected convcirgiiig to the focua t, and after uteraecting each 




Other Ht that point, the; will again, diverge, the ray kf pos^icg in 
the direction fr', and vr in the direction rv'. 

Nov, if A screen be held between p imd the reflector, Ihe Bpec- 
truin vill be seen upon the screen. If the screen be then moved 
from the reflector towards the focus r, the epectrum upon the 
screen will gradually diminish in length, the e^itreme colours s 
and V approaching each other. When it comee so near to p that 
the extreme liniila of the red anil violet touch each other, thi> 
central point of the spectrum will become white; and when the 
screen arrives at the point r, the coloured rajs being all mingled 
together, the spectrum will be reduced to a white colourless spot. 

Just before the screen arrives at r, it will present the appearance 
of a white spot, fringed at the top with the colours forming the 
upper end of the spectrum, — viuleti blue, and green ; and at the 
bottom with those forming the lower end of the spectrum, — red, 
orange, and jellow. This effect is expluned bj the fact that 
uatil the screen is brought to the focus f, the extreme rajs of the 
other end of the spectrum are not combined with the other colours. 

If the screen be removed beyond f, the same succession of ap- 
pMrsaces will be produced upon it OS were exhibited in its approach 
to r, but the colours will be abowa iu a rertrsed position. 
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Aa the screen leaves r, the white spot upon it ii fringed n 
before, but the upper fringe is composed of red, orange, and yelloiri 
while the lower is compoeed of violet, blue, and green ; and wl 
Ihe screen is removed ao far ftom the focus f as to prevent 
EuperpositJon of the colours, the spectrum ivill be produced upott 
it, wiUi tbe red at the top, and the violet at the bottom, the posidtn 
being inverted with respect to that which tbe screea exhibited at' 
the other side of the focus. These cireumstnuces are all espliiine4' 
by the fact that the rajs converging to r intersect each other 

Similar efieets may be produced by receiving the spectrum upon 
a double convex lens, as representul in j%. 1 1 9. Tbe rays 



made aa before to converge to a focus t, where a while spot would" 

be produced upon the screen. Before the screen arrives at 7, and 

after it peseee it, the same effects will be produced as with the, 

concave reflector. 

The proposition, that tbe combination of colours exhibited i 

the prismatic spectrum produces whiteness, may be further veri^' 

fled by the following esperiinert ; — 

Let a circular card be formed with a btaclcened circle, and iti 

centre surrounded bj a white circular band, and a black exterott 

border, as represented in^. 1 zo. 

Let tbe cireular dine be divided into seven spaces proportionil 
in magnitude to the spaces occi 
pied by the seven colours in tl 
prismatic spectrum, those a 
being g, o, t, <J, B, I, and v. If 
these spacea be respectivaljr o 
loured with artificicd colours n 
scmbling aa near as practica 
in their tints the colours of tl 
spectrum. If the centre of tfa 
card be placed upon a spindb, 
and a very rapid motion of to 
tion be imparted to it, the r 
on which rhe seven coburs ua 
painted will present the a[ 
iiuce of a greyish white. Id tl 
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cue, if lU de colonn except one were covered with black, the 
TeTclTing card would present the appearance of a continuouB ring 
of that colour; and, consequently, if all the coloured spaces be 
uuMrered, sereii continuouB rings of the several colours would be 
prodaced ; but these rings being superposed and mingled ti^ether 
will produce the same effect on the sight as if all the seven colours 
wtn mixed together in the proportion which thej occupj on the 
card. If the coloora were as interne and at pure as they are In 
the ipectmm, the revolving card would exhiUt a perfectly white 
ling ; but as tbe coloun of natural bodies are never perfectly pure, 
the ealonr produced in this case ia greyish. 

This experiment may be fiirther varied by having uncovered 
inj two, three, or more combinations of the colours depicted on 
the card. In nich case the rotation of the card produces the 
appearance of a ring of that colour which would result from the 
mixture of the colours left uncovered: thus, if the red end yellow 
spaces rranain uncovered, the card will produce the appearance of 
an orange ring ; if the yellow and blue remain uncovered, it will 
produce the ^ipearance of a green ringi and so on. 




The oHual apparatus for performing this experiment is shown in 
fig. III., the coloured disc, before it is put in revolution, being 
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represented in_fig. izz. The disc is here supposed ti 
in sectors diverging around a. black central spot. 

The followiDg is a pretty experiment illustrating the recotnpo- J 
sition of light, suggested by Newton ; — 

The spectrum is received upon seven plane reflectors, a 
in^- 123-1 "liit^liiiresuspendedinauch a manner as to becBpaUo'l 





of shifting the direction of their pinnes at pleasure They are 90 
adjusted as to recei've the Ijght proeteding from the prism which 
corresponds to the seven different colours, and to reflect this li^t 
to the same point upon a screen conveniently placed, or upon the 
ceiling of the room, the spot of light thus produced being white. 

1S3. XilBlitB of tlie aamfl colour may baTO Olffepent r*> 
ft«nrll>lUtlea. — Although the phenomena attending the prismatic 
spectnim prove that rays of light which differ in refrangibility 
also differ in colour, the converse of this proposition must not be 
inferred ; for it is easy to show that two lights which are of pre- 
cisely the same colour may suffer very different effects when 
transmitted through a prism. 

Let us suppose two holes made in the screen in the middle of 
the space occupied by the blue and yellow colours, so that rayi 
of these colours may be transmitted through the boles. Let these 
rays be received upon a double convex lens, and brought to it fbcus 
upon a sheet of white paper, so as to illuminate the spot o' {Jig. 
124^). The colour that it produces then will be a green. Let an- 
other spectrum be now thrown by a prism upon the screen, and lei 
a boie be made in the screen at that part of the green space where 
the tint ia preciaeljr similar to the colour produced at o' <^^faa 
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white pajier, and let the light which passes 
through thia hole fall upon the spot g be- 

The spaces o and o' will then be illuminated 
by lights of precisely the same colour ; but it 
will be easy to sbow that these lights are not 
similarly refrang'ible. Let them be viewed 
through a prism, having its refracting angle 
presented upwards. The image of the illumi- 
nated space G will be seen in a more elevated 
position at g ; but two images will be produced 
of the space a', one yellow and the other blue, 
at y and i, the yellow image y being a little 
below g, and the blue image b a little above it. 
Thug it is evident that the green light on the 
Bpace o' ia a compound of yellow and blue, 
"* and is separable inW its conaticuents by re- 

while the similar green light on the space o is incapable 
'decomposition by retraction. 

184. Oolonn prodvoed 1>r oomblnlnf dinarent xa,T* of 
endless variety of tints may be produced by 
mbining in various ways the colours composing the prismatic 
■ectnim ; indeed, there is no colour whatever which may not be 
wduced by some combination of these tints. Thus, alt the shades 
r red may be produced by combining some proportion of the 
diowand orange with the prismatic red; all the shades of orange 
ly be produced by combining more or less of the red and yellow 
di each other and with the orange ; all the shades of yellow may 
pHtdneed by varying the proportion of green, yellow, and 
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185. ComplementaiT colour*. — If two tints t and x'be pro- 
luced, the former t by combining a certain number of the prismatic 

Klmirs, and the latter t' by combining the remainder together, 
itit two tints T and t" are called eomplemeiitary, because each of 
c contiuns just those colours which the other wants to produce 
Dmplcle whiteness ; and, conscijuently, if the two he mixed 
Igether, whiteness will be the result. Thus, a colour produced 
j^ llie oombination of the red, orange, yellow, and green of the 
pectram in their just proportions, will be complementary to 
Botiwr colour produced by the blue, indigo, and violet in their 
tt proportions, and these two colours, if mixed together, would 
rodnee whiteness. 

tB6. OolMUv of natural Imdlea. — Almost all colours, nulural 
r Mtificial, except those of tiie prismatic spectrum itself nre 
■ swnjieuttiled, uid their oompound diaructer belongs 
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to them equally when they have tints identical with the coloured 
spaces of the speotrmn. Thas, a natural object whose colour 
indistinguishable from the yellow apace of the spectrum, will be 
found, when subjected to the action of the prism, to refract light 
in which there ia more or leas of green or orange ; and an object 
which appeare blue will be found to have in ita colour more or ' 
of green or violet. 

187. Instead of receiving the apectrum on a screen, it may be 
viewed directly by placing tbe eye behind the priam a b c Ifg. 
125.), at L, so B!j 10 receive the li^cht as it emerges. This mode of 




observing the prismatic effects is in many cases more convenient 
than by meansoflhescreen, colours being thus rendered observable 
which would be too feeble to be visible after reflection fVom the 
surface of the screen. It is necessary, however, to consider that 
in this manner of viewing the prismatic phenomena, tbe colour* 
will be seen in an order the reverse of tlmt wbieh they would hold 
on the screen i for if the eye be placed at l, it will receive the 
violet Tay which enters in the direction i. v as if such ray had 
proceeded from v', and it will receive the red ray which enters it 
in the direction l e as if it had proceeded from b' ; the red will 
therefore appear at the top, and the violet at the bottom of the 
spectrum, when the refracting angle b of the prism is turned down* 

But if the refracting angle b be turned upwards, as represeDted 
in jig. iz6., then the red will appear at the bottom, and the violet 
at the lop of the spectrum, as will be perceived from the figure. 

1 83. 'WliT olijaota aean tbronBti prlHiis an fMngnd with 
eolonrs.— In general, when objects are viewed throuph a prism 
they appear with their proper colours, except at their bonndarica, 
where they are fringed with the prismatic tints in directions parallel 

the edge of the reflecting angle of the prism. 

M at (J^. 117.) be a small rectangular object aeeo mat 
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« black ground, the sides a m being vertical, and a a and m m 
horizontaL Let us first suppose that this object has the colour 
-f •» pure homogeneous red. If this object be viewed through a 
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Fig. 126. 



Fig. 1x7. 



prism whose refracting angle is directed upwards with its edge 
horizontal, it will be seen in a more elevated position, such as 
a a m m, as already explained. 

Let us next suppose that the object a a m m has the colour of a 
pure homogeneous orange. When viewed through the prism it 
will, as alrauly explain^ appear in a position 6 6 » », a little 
above a a mm. 

II we next suppose the object a a m m to be coloured with 
homogeneous yellow, it will be raised bj the [nism to c c o o, a 
little above the orange image. 

If it be next supposed to' have the colour of a prismatic green, 
it will be seen at d dpp, a little above the yellow image ; and if it 
be coloured light blue, its image will be seen Bteeqq, above the 
green image ; if it be dark blue or indigo, its image will be in the 
position ffr r ; if it be violet, its image will be in the position 

Now, if w« suppose the object a a m m to be white, that is to 
say, to have a colour which combines all the prismatic colours 
together, then all these several images will be seen at once through 
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the prism in tha respective positions already described. They wiH 
therefore be more or less superposed one upon the other, and the 
image will exhibit in its dlfierent parts those tints which correspond 
to the mixture of the colours thus superposed. 

Hence it appears that the space between a a and b b from which 
all colour except the red is excluded, will appear red ; in the apace 
between b b and c c, in which the orange image is superposed upon 
the red image, a colour will be exhibited corresponding to thO' 
mixture of these two colours; in the apace between ee and d^, 
the three images, red, orange, and jellow, are superposed, and >, 
colour corresponding to the combination of these will be produced. 
In fine, the colours which are superposed between every succf 
division of the upper and lower edges of the combined images are 
as folloiTs, where the prisoiatic colours are designated by the capital 
letters, and their mixture or superposition by the sign -|-: 



Thus it appears that the space between g g, the bottom of the 
violet image, and the t«p m m of the red image is coloured with ■ 
white light, because in this space all the seven images are super- 
posed. 

In the space between g g, the bottom of the violet ima^e, and 
//, the bottom of the dark blue image, there is a space which is 
illuminated by all the prismatic colours except the violet, and tlui 
space consequently approaches so near a white as to be scarcely 
distinguishable from it. The space between J"/, the bottom of 
the dark blue image, and e e, tbe bottom of the light blue image, 
la illuminated by all the colours except the dark blue and indigo, 
and it consequently has a yellowish tint. The succeeding divisions 
downwards towards a a become more and more red until thej 
attain the pure prismatic red of the lowest division. The colour* 
of the upper extremity of the image may in like manner be 
to be us follows : — 



Thus it appears that the highest fringe at the upper edge ii 
violet, that those which succeed it are formed by thi 
violet and blue, to wbich green ind yellow ore succesrively 
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mtil the coloun become so completely combined that the fringe b 
Karcelj distinguishable Jroin a pure white. It is evident, tiiere- 
fore, that at fbe lower extremity the reds, and at the upper the 
blues, prevail. 

If the object a a u m viewed through the prism be not white, 
then the preceding coDclusions must be modified according to the 
analysis of its colour. Thus, if its colour be a green, it may be 
either a pure homogeneous green, or one formed hj the combina- 
ti«i of blue and yellow or other prismatic tints. In the former 
«ase the prism will exhibit the object without fringes, but in the 
latter it will be fringed according to the corapoaition of its colour, 
determined by the sune principles bs those which have been applied 
to the object * A M u. 

1S9. XAm of ref^aotloii appllea to oompDnad aolar Ugilit. 
— The analysis of light, which has bten here explained and illus- 
traled, will enable U5 to generalise a.nd extend the law of refraction 
explained in (930- 

Let Aun, J^. 128., be a transparent medium having a semi- 
cylindricttl form, c being its centre. Let ic bea ray of solar light 
incident at c, the angle of 
incidence being ico. This 
ray, on entering the trans- 
parent medium, will, ac- 
cording to what has been 
already expluued, be re- 
solved into an infinite 
number of other rays dif- 
ferently refracteS, that 
which is least refracted 
being cb, and that which 
is most refracted being c v. 
The ray CB is red, and 
the ray cv ig violet; the 
rays of intermediate co- 
lours and intermediate re- 
fran^bilitics being included between them. The angle a c si is 
the angle of refraction of the extreme red ray corresponding to 
the angle of incidence ico, and the angle veal is the angle of 
re&action of the extreme violet ray corresponding to the some 
■n^e of incidence. 

The index of refraction of the former will be found by dividing 
IS bj kf; and the index of refraction of the latter will be found 
by dividing IF by vp'. 

It it evident that the indices of refraction for the intermediate 
r; will b« included between these two, being greater than the 




thererorc, we ahatl have 



Frum nbeni^e it appears that although the refracting powers 6 
the diamond and crown glass are as 3 to i, their diaperaive powew 
are the same. 

This identity of their dispersive powers may be proved e3q)eri- 
mentaUy by taking two prisms, one of diamond and tlie other ot 
crown glass, and producing with them two spectra in 
represented iajfg-. II 3., so that the mean ray trof each shall b« 
equally inclined to the direction pp' of the incident ray. It will 
be found that the two spectra thus produced will have equal' 
lengths, and consequently that the dispersions which correspond la 
equal refractions are equal. 

Transparent media differ from each other, not only in the ditr' 
persive powers which they hove on solar light, but also i. 
dispersive powers with which they act on the different e' 
which compose such light. Thus, for instance, it will bapped 
that although two media, such as the diamond and crown glsui 
may have equal dispernive powers in relation to the compounj' 
light of day, they will have very different dispersive powers n 
the several coloured lights of which such compouml light is made uj^ 
This may be rendered experimentally apparent by producing 
two spectra of equal lengths, with prisms of different materiala. • 
If these two spectra be placed in juxta- position, ao that th^ 
extremities shall coincide, although their coloured spaces will suor 
eeed each other invariably in the order already described, yet t! 
boundaries which separate these coloured spaces will not coinddq^ 
The red in the one will be more or leas extensive than in the -•'•— 
and the same will be true of the other colours. 

Let two spectra, a b and c o, fig. I zg., be produced in thi 
A c ner, equal in length, by two ! 

prism-i, one filled with the oil of 
and the other with sulphuric acid. . 
the spectrum a b, produced by the oil 
cassi&i the red, orange, and yellow spac 
are less than in the spectrum cD, pr 
duced by the sulphuric acid, while in Id 
latter the blue, indigo, and violet 

The middle ray m n in the spectr 
AB passes through the blue space, wl 
it passes through the green spues in 
spectrum c n. It appears, therefore, t 
in th,is case sulphuric acid hu B 
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dispersive power upon tlie lesa refran[;ible rajs, and a lens di^per- 
nve power on the more reA'angible rays, thun the oil of cagsin. 

These efiecta are conaequcncea of the fact, that although the 
indices of refraction of the extreme raya for nay two media maj 
be equal, the index of refraction of the intermediate rays luay be 
unequal, and a difference of position of the corresponding colours 
in the epectrum will be the necessary consequence. 

In the following table, the indices of refraction correeponding 
to the mean rays of the seven coloured spaces of the spectrum are 
given according to tbe experiments of Frauenliofer : — 

193. Table of ffie IjuUceg of Refractioa of the Mean Saj/s of each 
of the Prismatic Colours for certain Media. 
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■ 94. The dispersion proper to each succesMve colour will be 
fiiiind by taking the difference of tlie two adjacent indices, aiid the 
total dispersion produced by each medium by taking the difference 
between the extreme indices. Thus the total dispersion produced 
bj each medium given in the above table will be as follows : — 

FllMltau, So. Ij. - - -ffOtj]ij 1 Fllnmlul. So. J. - - -ffojSjJl 

Cmvn lUn, Nc. q. . - - tfwyjn Film g^it. No. to. - - ■ 0-041501 

W«l««- - . . - - o-oi 1141 Cronn ilim, No. u. . - - o'oimTi 

Wuar. .... . troTtlBj Crown iilui. Itlurll. - . rfauf^ 

Bnlulloil nr pouib - - ■ a'ajfiyg^ Flint glu>. No. ig., pTlimfty .0-04)1193 

TBrpBDCiot. ... . o-Dt(i7S I FUnl gUu, No. i|.. priim45^ - o-C4;ii6 

I9J. In all that precedes, it has been assumed that the light 
composing each part of the prismatic spectrum is simple and homo- 
geneout. This concltision, deduced by Newton, and adopted ge 
noBlly by all physical investigators since his time, is based on the 
■Mninption, that light which, being relracted by transparent media, 
oanaot be resolved Into parts differently refrangible, is simple and 
baoogeneoua. 

Sir David Brewster has, however, published the results of a 
MncK of obeervations, from which it would follow that a pencil of 
lifte «Uob dow KOt cooaist of pu-la differently refrangible, nwyi 
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nevertheless, be resolved Into parts which have different colours 
in other wonU, that the light of certain parts of the spectruiBt 
such, for example, aa orange and green, although simpli 
respects refraction, is compouud eo far as respects colour. Thti% 
the orange light may he resolved into two lights eqnally refrui- 
gihte, hut different in colour, one being red and the other jellowi 
and the green light may in like manner he resolved into two equally 
refrangible, one being yellow and the other blue. 

1 96. In a word, the ohserva.tions and experiments of Sir Dsvi([ 
Brewiiter have led him to the conclusion that the prismatic speo 
trum consists in reality of three spectra of nearly equal lengtltn 
each of uniform colour, superposed one upon another ; and that tW 
colours which the actual spectrum exhibits arise from the mi 
of the uniform colours of these three spectra superposed. 
colours of these three elementary spectra, according to Sir David 
Brewster, are red, yellow, and blue. He shows that by the C0l» 
hination of these three, not only all the colours exhibited in tlv 
prismatic spectrum may be reproduced, but that their combinatioi 
also produces white light-. He contends, therefore, that the whit 
light of the sun consists not of seven, but of three constitaen 
lights, —red, yellow, and blue. 

This conclusion is established by showing that there is inotlia 
method by which light may he resolved into its components, ba 
sides the method of refraction by priams. In passing throng 
certain coloured media, it is admitted that a portion of tlie lighl 
incident is intercepted at the siirfacc upon which it is incident, taC 
in its passage through the medium ; a part only is transmitted. 

Now, this property of colours is taken by Sir David Brewstef 
as another method, independently of refraction, of decomposiJW 
colours. He assumes that such a medium resolves the light inei> 
dent upon it into two parts ; first, the part which it transmit*! 
and, secondly, the part which it intercepts. He concludes t' 
these two parts are complementary, that is to say, that each Ci 
tuns what the other wants to make up white aolir light ; or, mo^ 
generally, that the incident light, whatever be its nature, must bt 
assumed to be a compound, co naisting of the light transmitted UM 
the light intercepted. 

This being assumed, let a coloured medium, such as a plate 
blue glass, be held between tb« eye and the spectrum. Certai 
colours of the spectrum will be transmitted and others interceptel ^^^ 
If the colours of the spectriua be simple and honu>geneous ligh(| 
such as they are assumed to be in the Newtonian theory of tit 
decomposition of light, then the consequence would be that lb 
appearance of the spectrum seen through the coloured medinll 
would conmt of dark uul coloured spots ; those simple lights in 
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tercepted hj tbc glaea appearing dark, and those transmitted hj 
the glass having their proper colour. But if each coluur of the 
prism be, as i$ assumed in the chromatic theory, simple, then the 
plate of glass can make do change in its colour bj traosmissioo. 

It must therefore be vhollj transmitted, partly transmitted, or 
wholly intercepted. If it be wholly transmitted, no change will be 
made, therefore, in its colonr or intensity ; if it bo partly trans- 
mitted, its colour will remain the same, but its intensity will be 
diminished ; if it be wholly intercepted, the space it occupied oa 
the tpectrum will be bbck. But these are not the effects, as Sir 
Dkvid Brewster states, which are observed. lie finds, on the other 
hand, lliat the coloured spaces on the spectrum are not merely 
diimnished in intensity, but actually changed in colour. Now, if 
my space of the spe<:lrum be chaaged in colour, it follows, from 
what has been stated, that the light transmitted must be a con- 
stituent of the colour of that space, to which the light intercepted 
beJDg added, would reproduce the colour of the spectrum. By 
audi an eiperiment as this. Sir David Brewster found that the 
parta of the spectrum occupied by the orange and green lights 
prodnoed yellow, from which he int-erred that the glass intercepted 
the red, which, combined with the yellow, produced orange ; and 
the blue, which, combined with the yellow, produced green. But if 
the glass have the power of thus intercepting the red and blue 
light, it might be expected that the red and the blue spaces of the 
spectrum would appear dark. He accordingly found that the light 
irf' the middle of the red space was almost entirely absorbed, as 
waa also a considerable part of the lilue space. 

FVom experiments like these, which he made in great number, 
and nnder various conditions. Sir David Brewster deduced the 
condusion to which we have adverted alKive. 

He inferred that at each point of the specirum, red, yellow, and 
blue light are combined in various proportions, the colour of each 
part being determined by the proportional intensities of these three 
cnlanrs in the mixture. In the red space, the proportions of blue 
■nd yellow are exactly those necessary to produce white light, but 
Hhe red is in excess ; a portion of it combined with the blue and 
yellow produces a white light, which is reddened by the sur- 
ptustge of red. In the same manner, in the yellow space the 
proportion of blue and red is that which is proper to white 
light, btrt there is a greater than the just proportion of yellow. 
A part of this, combining with the blue and red, produces white 
Bg^t, which Is rendered yellow by the surplus. In the same man- 
Ur exactly, the blue space is shotrti to consist of a surplusage of 
Uoe, combined with the proportion of red and yellow, and the 
of the blue necessary for whiteness. Vae other colours 
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of the spectrum, according to Sir David Brewster, are 
or l.lic I'eaiilt ofcombinstions of red, yellatr, and blue. 

The means bj which these three primary colours produce Hut fl 
tinti of the apectrum niajrl 
f. ^1 be more clearly underatood.l 

bj reference to j%-. 
-&. wherein u n represents tha I 

prismatic spectrum with its 
I " uaual tints. ThecurveMKM 
—1 repreaentfl the varying in- 

f g ji. tensity of the red spectrum, 

M Y N that of the yellowi 
and H B N that of the blue spectrum. The distance of each part 
of these curvei reBpectively from m s is understood to be propor- 
tional to the intensity of the colour of that part, and the relatire i 
lengths of the perpendicular included within each curve repreBenti 
the proportion of the intensities of the combined colours. Thus, 
at the point p, the three colours are mixed in the proportion of the 
iengCli9 of the perpendiculars p n, p' n, p'' n, the first representing 
the proportion of yellow, the second red, and the third blue ; the 
red and yellow predominating, the colour at this point will be 
orange. \ 

197. Bpeotral llnea. — If the prismatic spectrum produced 
undur certain conditions be examined by the aid of a telescope, it 
will be found to be crossed throughout its entire length by dark 
lines of various breadths. The total number uf these lines is 
nearly seven hundred, and thej are distributed over the spectrum 
without any apparent relation to the limits of its coloured spaces. 

In^. 131. u N represents a spectrum, m being its violet, and H 
its red extremity. The arrows to the left of the diagram represent 
the boundaries between the coloured spaces, these spaces being ' 
indicated by the letters b, o, y, o, b, i, and v. The general distri- | 
butioD of the spectral lines is exhibited in the diagram. 1 

It will be observed that in tbe distribution of these remarkable 
phenomena, there is no apparent regularity, either in their arrange- 
ment or in their intensity. In some places they are thickly crowded 
together, while in others they Eire separated by white spaces, more 
or less considerable. In some, the lines are extremely fine and 
scarcely visible ; in others, they are of distuict breadth. 

Among these numerous lines, seven were selected bjr their dis> 
coverer, Frauenhofer, as standards of reference or fixed points by 
which the position of the others couid be designated. These seven 
are those marked on the right by the letters b', c', »', e', p', q', b'. 
The first of these, b', is in the middle of the red space ; the 
aeoond, third, and fouith, c', i>', and b', are nearer the bDuadtriea 
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which separate the red and orange, the orange nnd 

yellow, and the yellow nnd green ; the fifth, r , Is 

near the middle of the green spaee, and the seventh 

r the middle of tlie violet space ; while the aisth 

lear the bonndaj-y which EeparateB the blue and 

[Tie numbers which appear in the diagram be- 
■en each pair of these lines indicate the number 
of apeclral lines which have been ascertained to 
exist between them. Thus, between b' and c' there 
are 9, between c' and n' 30, and so on ; the entire 
number of lines between the first, b', and the seventh, 
h', being 574. The remainder of the spectral lines, 
between the extreme red and b', and between the 
extremeviolet and h', amount to about 100, but they 
are more difficult of observation, and have not been 
, so precisely ascertained. 

A little a,boYe the extreme red, there is a well- 
defined dark line a' ; and about half way between 
that line and the line b', there is a dark band com- 
posed of seven or eight lines. 

It was ascertained by Frauenhofer, that tbeee 
lines are altogether independent either of the mag- 
ic^ nitude of the refracting angle, or of the matter of 
the prism; and that their number, order, and in- 
Itinaity are absolutely invariable, no matter what 
prism be used, provided only the light come through, 
p*^™ °^ directly or indirectly, from the sun. 
** )^^= _ 198. The best method of observing these ia- 
"' ' t--"^— Cj, teresting phenomena is by means of telescopes and 
fe=s ^ a prism, represented inj^. 132. Let a narrow slit 
^ 1. a^ be made in a window -shutter or a screen, so as to 
f^B* admit a broad thin beam of the sun's lighL This 
, I -j ^ slit is represented in section at right angles to its 
* length at o. The beam of light is received on a 

"' ' prism. After being refracted by the prism, it is 
received by a small telescope, which plays upon a graduated arc, 
00 wUch ia a second telescope to indicate the original direction of 
flic ray op. The angle under the two telescopes will indicate the 
refraction which the ray has suffered by tlie prism. The prisms 
lued ID these observations should be of the purest and finest 
Bint glass, perfectly free from tlireads and striie. The prism 
ought to be pliu.'ed at a distance of fifteen or twenty feet from 
the telescope. 
Bjr turning the telescope or the prism, the successive rays of 
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the epectrum are mB.de to paaa throaglr 
the telescope, so that the spectrum nay: 
be viewed successively from one ex- 
tremity to the other. The teleaoopMi 
Buitcd to these observations ahoulil 
magnify from eight tc 

By theae means the apectra pro^ 
duced not on!y by sclar light but ill 
by various artificial lights, Lave bw 
obaerved. The electric light girea tl 
spectral lines bright insteaS of dark, oi 
of the most remarkable Ibr its brilliuHi}^ 
passing through the green apace. Tlw 
liome of a lamp, irhether produced b^ 
gas, oil, or spirits, also gives the speo- 
tral lines bright Two of theae are 
especially distmgaishable m the rei 
and orange spacea 

The moon ftod ploneta have 1 
Ga.me dark hues as the sun, but li 
easily distmguishable especially m 
tike extremities of the spectnun. The 
speitra produLcd by the light of the 
fixed stars are marked with dark 
lines, but little different in their n 
ber, intensity, and disposition from 
sokr epectrimi. It is remarkable that 
the spectra produced by different fixed stars differ from each 

199, Beaeamliea of Sir !>■ Brswater. — Sir David BrewBtei 

mode a conaiderable number of interesting experimeota 
spectral lines produced by coloured stars, aa well as those of thai 
solar spectrum produced by vnrious transparent media, a detsili 
account of which will be found in the "Edinburgh T^aIl8actiom^* 
vol. vii., the " Reports of the British Association for 1 S^J 
1847," and the "Proceedings of the French Institute for 1 850.* 
Our limits preclude us from entering into these details. 

zoo. Vie of tbe apectral Unea aa atandBrda of rafhuwl' 
bUlty. — The invariable position which Frauenhofcr's lines are 
found to have in the solar spectrum has rendered them eminently 
useful for establishing atandurds of refrangibility of the component 
parts of solar light. From what has been stated respecting 
gradual variation of the tinta composing the solar spectrum, it : 
be easily understood that much uncertainty will attend any metht 
ofdeSniitg a particular ray to which a certain index of refractioi 
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■a imputed. Thus the middle of the red or the middle of the green 
qwce is neceasarilj an indeSnit^ term, so long as the limits of theae 
gpBces admit of no exact definition. 

The seven lines b', c', d', &c^ which have been already noticed, 
have been accordingly adopted aa points iovariable in their position, 
of which the indices of refraction once determined may always 
serve u etandards of reference, The indices accordingly which 
have been given in table, p. 141 ■, are those which belong to these 
points, B, being the index of refraction at n', n, that of the rays at 



101. BelatiTe Intensity of llgbt In dUIiBrent parts of tbe 

1. — Fraueidioftr also ascertained by photometric oh- 
1 the relative iatenaity of tbe light in different parts of 
ihe spectrum. 

The result of these observations is denoted by the curve marked 
"Luminous intensity," in Jig. 133.; the perpendicular distance of 




each pntot of this curve from the edge of the spectrum being pro- 
portional to the brilliancj nf the light produced by a flint glass 
prism. It appears irom this that the most intense illumination 
corresponds to a point about the middle of the yellow space. 

Ill tbe fnlloving table are given the numerical intensities of the 
Other points, the light of the point of greatest intensity b«ng 
Gxpreswd by 1 000; — 



Franenbofer found that the most intense part of the spectru 
divided its entire length in the proportion of 1 to 3 J, being near 
tbe red than the violet extremity ; and tbat the point of inei 
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intensity ia nearly in the middle of the blue Bpace. As a great 
purt, however, of the vioitt end is never seen except under exti^- 
ordinary conditions, these results are not applieable ii 
experiments. 

202. Caloriso fuiolyals of the apeotnun. — The hentinj 
power of the light composing- the dilierent parts of the spectrum 
waa examined first by the lute Sir WiUiam llersi'bel, and Iniet. 
by Sir H. Anglefield, M. Berard, Sir II. Davy, MM. Seebecl^ 
Wunsch, and, in fine, by M. Melloni, who h*a supplied n vast 
body of interesting experiments on this subject. The general 
result of these oboervationa, tbe details of which would be ii 
niissible Iiere, are as fiillows : — 

The beating power, being nothmg at the violet extremity, ang» 
nients gradually aa the thermometer is moved to the red extremity. 

At this point, or near it, the heating power is a mftximuii 
the presence of thermal rays beyond the red extremity is 
fested by tbe thermometer, which, though it declines on being 
moved beyond this extremity, continues to show a temperatun ' 
greater than that of the surroiinding air, to a conaiderabte diatUM* 
from the spectrum. 

We are therefore compelled to admit the existence of ir 
raya of light below the red extremity, which affect the thermo--' 
meter, though they do not sensibly affect our organs, 

Tbe curve marked "Thermal intensity," ia_fig. 133^ indicate! 
the variation of the heating power of the rays of the spectrum in 
the same manner as the former curve represented the lumiiunu 
intenetty. The point of maximum thermal intensity is, according 
to some, at the red extremity, and, according to otben, a little 
below it; but it is found that this depends in some degree uptut- 
the raaterijil composing the prism. 

Sir John Herschel bas shown, by some recent experiments, thi 
by concentrating the invisible thermal rays they can be renders 
visible, and that when visible their colour is lavender grey.* 

203. Uat/becVa experlmenta. — M. Seebeck bas shown tha 
the point of maximum calorific intensity varies with the m 
of the prism in the following way : — 
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The observations on alcohol and cil of turpentine were niade by 
M- WuDscb. 

204. ■erBohal's experiments. — More reoentlj still Sir John 
Eerachel lins made an Jnleresting series of experimental reaearchea 
jOD the thermal properties of the spectrum, by trying the varying 
-effects of its power when thrown upon a sheet of the thinnest 
writing paper xmoked or blackened by Indian ink, on one sidei 
«nd soaked on the other with rectifi.ed spirits of wine, the effect of 
which IB to make it uniformly black. The spectrum being shown 
Upon the wetted aide of a sheet of paper thus prepared, thecalori&c 
intensity of its different parts is manifested by (he iiarybg degree 
pf its bleaching power upon the paper produced by the evaporation 
«f the alcohol. 

The result of observalions made in this way was, that the thermal 
fnfiueoce extended over the whole length of the spectrum, but at 
• [icntit a considerably beyond the limit of the extreme red, the 
iMiUing power is a maximum, having gradually increased in as- 
tending from the lowest limit to this point The caloriSc in- 
leniilj then diminishes slightly for a short space, and, a^ain 
increanng, attains n second maximum $■ It then diminishes 
until it ceases altogether, afler which it again increases until it 
IttAins another maximum y, after which it again diminishes, 
ranishes and reappears, and increases until It attains a fourth 
DiuiiQum S. After this a fiflh maximum ■ is more faintly io- 

Suppoaing the length of the visible spectrum to consist of 57 
equal parts, 43 of which are above and 14 below a certmn line a 
irswn through the yellow apace, the positions of the several 
Miorific maxima will, according to Sir John Hersobel, be as 
[hllowR: — 

?-in :: 

rhe thermic spectrum thus extending the whole length of the 
iiminous spectrum beyond the line d. 

With a crown glass prism and lens, " the insulation of 7," says 
Bir John Herachel, " was much less sensible, and the separation 
Bf a and fi hardly to be perceived. This would go to point out 
the flint glass as the origin of the bputs, and to that idea 1 rather 
bcUne." 

Wtt.il ft prism of pure water, and also with one of a saturated 
lOlntioQ of muriate of lime, the spot y wiis greatly enfeebled, and 
I invisible. 

Gie«D glasae* cut off nearly the whole thertnic spectnun. 
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20^. Cbemlcal Bnttlrsla of tbe ■peotnun. — The action of 
1ii;ht in uliauging the colour nf curtain substances has long beeOi 
known; but one of the most remarkableof this class of objeots hi 
lately acquired increased interest from its application in the art 
called Dsguerreotype. 

If the chemical substance called muriate of silver be exposed; 
to solar light, it will be blackened. Now, in order t 
whether this effect is due collectively to all the rays compoeinp 
eoinr light, or is caused by the action of some rather than otheft 
rays, it is only necessary to expose it successivelj to all the raya 
composing the prismatic spectrum. 

If this- be done, it will be found that the least refrangible rxjt' 
near tlie red extremity do not produce tbie effect in any aenaibls 
degree, while the more refrangible rays at the violet extremity 
produce it in a very great degree ; in a word, by ascertaining mA 
indicating the intensity of this chemical action in the same man 
aa the intensities of the illuminating and heating powers have b 
already expressed, we shall be enabled to determine the corvt 
chemical intensity indicated in /g, 133., from which it appear* 
that this acti(m is at its maximum near the boundaries b 
the violet and the indigo. 

Since the importance of the art of Fhotugmphy has be«n dfr 
veloped, a great number of experimental researches of more a 
less interest have been mada upon the chemical effects of th 
various component ports of salar light. The necessary limiti & 
this work precludes even an examination of these ; but it may it 
stated that M. Edmund Becquerel has made experimental n 
of considernble importance u[K>n the effects of the spectrum o 
iodide of silver, chloride of gold, chromic acid, guaiacum, toumesdi 
and sulpho-cyanurate of iron ; varying the experiments by t-i 
mitling the light through transparent screens uncoloured anj 
variously coloured, composed of different materials, such as qui 
nine, creosote, blue and yellow glass, &c. The details of tfaeM 
experiments will be found in the " Annales de Chimie ei ' 
aique," fori 8+3. 

206. Hencbel'i exyerlnieiiM. — But the most important est 
perimental researches made on this subject are those of Sir JohO 
Herschel. lie produced a visible sjiectruin, the total length d 
which expressed in 30thE of an inch was 53'92, and the position 
of the line, which he called d, was at a distance of 40*62 of thsM 
parts from the upper or violet extremity, and consequently IJ'JS 
from the lower, or red extremity; — dislioguishing the distanee 
above this line d by +, and those heluw it by — , The following T 
^u-e the results obt^ned. 
J. JVi^rate 0/ siher. — Paper washed with a solution, «] 
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grarity I'lja. The ctJour of the spcctram impreised upon this 
paper by the chemical rays vas pale brown, iDGliomg to j;ini, and 
the most intense part tras about tbe midiile of the blue ray. The 
total length was S5 porta, aod it terminated at the line t>. The 
point of maximum intensity was 2 3 parts on the violet iide of t>. 

IL Nitrate of aiher with miiriote of soda. — The paper tua 
first washed with the nitrate, specific gravity i'I32, then with the 
muriate, 1 salt-H 19 water, and again with the nitrate, specific 
gravity I '096. The spectrum impressed upon this paper is more 
variously coloured than any other. The tint is a pretty light red 
at — 7"6, beginning to pass into green at —3*8, through a kind of 
livid nixed tint. The best green, however, which is of a sombre 
and dull character, is developed a little above (+) s, and covers 
a breadth of about ^ ports. From that point, with a barely per- 
ceptible tinge of dark blue, it bc«>meB rapidly an intense black, 
wbieh. at +80, dies away into a pvrptUh broturt, and terminBtei 
the spectrum at +90-13, the whoEe length of the chemical spec- 
tram, or the discoloured impression, being +97*83 parts. 

HI, Nitrate of sileer, aa before, tiilh bydro-brixmate of potash, 
iailead of muriate of soda — The spectrum impressed upon paper 
thus prepared is a moat extraordioary one. The imtioit the rays 
fdl ti^n it tbe action begins over its whole length, and the in- 
tensity is the same everywhere bub just at the e:clremitie9, where 
it gradually dies away. It estends, too, all the way to the es- 
tTMiity of the visible red rays. Its tint is OLgregiah biueh. At the 
red extremily a contrary or oxydiaing action now commences, 
pmdutuDg wkiteness on the paper, a.nd extends to — 2£-67. Hence 
the extent of the chemical beyond the luminous apectrum is 
— 9"37. The moat refrangible extremity of tbe darkest portion is 
+ 90'Sa The total length of the darkened portion is lOJ'SJ; and 
the whole length of the paper visibly afiecled, 116*77.* 

Z07. Cbromatio atHrratton. — It appears from what has been 
expluned, that the focal length of a lena, other things being the 
same, depends on and increase,') with the index of refraction. But 
it also appears that the index of refraction ia diflerent for the 
difiei«nl component parts of light. It follows, therefore, that the 
focal length of a lens will vary according to tbe light which falls 
Upon it. 

Supposing the radii of the surfaces to be expressed as before by 
r and r", tbe focal length being f, we shall have, according to what 
haa been already proved, 

_ rr' 

* FbiL Ttbiu. 1S40, Part I. p. 16, 
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Since n ia greateat for the vbltit and least for the red rays, it 
follows that the value of r correspond ing to the violet will be leu 
than its value corresponding to the red, and. that it mill hare ii 
mediate values for all the intermediate colours. 

If a succession of ohjects, therefore, having the successive colourt, 
of the spectrum, be placed before a lens a c (fig. 1 3+.), at the ee 




distance from it, their images will be produced at different dia. 
tances from the lens, that of the violet object bebg nearest and 
that of the red most distant from the lens, the images of the objecU 
of intermediate colours being at intermediate distances, as shown 
in the figure. 

Now if, instead of a series of objects thus coloured, a whIUt 
object, or the sun itself, be placed before the lens, the variool 
component parts of the light wbich it transmits will be brought bj 
the Icna to different foci corresponding to their various degrees of 
refrangibility, and the lens will accordingly produce, not one while 
image, but an infinite number of coloured images included between' 
the extreme positions v and K. Each ray will form an image^. 
having B position nud colour corresponding to its degree of re- 
fruugibllitj, and the space included between v and b will be a' 
truncated cone filled with images, which increase in magnitudti. 
from v to a, and whicli, beginning with a violet colour at v 
through all (lie tints of the spectrum ; the last image at b having^ 
a red colour corresponding to the red of the extreme light of Uui 
spectrum. 

A white screen held at B would exhibit a, well-defined r 
image of the object, if it did not also receive upon it the peocHi 
of rays forming all the other iaiages between b and v, such peueUl' 
diverging from the various points of such images. Thus, a peni^ 
which is brought to an exact focus upon the image o', would, 
form upon a screen placed at r r', not a point, but a small spot of, 
orange light, In like manner, a pencil whose focus lies upon tbS) 
image y y' would form upon a screen placed at B a small spot oT 
jellow light, greater in m^nitude than the spot of orange light), 
boGtate of tlie greater distance of its focus from the screen. 
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like manner, the points upon tlie image g g',b b', 1 i', and v e', 
would produce upon tbe screen at r luminous spots of green, blue, 
indigo, and violet light, increasing in magnitude in pro[K>rtion to 
their respective distances from the screen. 

108. We have assumed in the preceding examples that the 
leoB is a converging lens ; and, consequently, that the image of a 
dittant object is real, and maj be exhibited on a screen. If, 
however, the lena be a, diverging lens, the effects will be the same, 
but the image, being imaginary, cannot be exhibited in the same 

Let the object, as before, be placed at such a distance from the 
lena a c (j^. 13S0> that the pencils proceeding from it may be 



Fig, .,i. 

considered as psridlel. After passing through the lens, they will 
diverge, as if they had proceeded from an object place<I at a dis- 
tance before the lena, equal to its focal length. Thus, if the object 
emit red light, the rays, after passing through the lens, will diverge 
u if they had proceeded from r K at the distance b k, equal to the 
prindpal focai length corresponding lo the index of refraction of 
red raysi and, in like manner, it' the object transmit violet rays, 
(he light, ailer passing through the lens, will diverge as if it bad 
proceeded trom points in an object placed at v v', and for the inter- 
mediate colours it would diverge as if it had proceeded from inter- 
mediate points between s and v. 

Thus, tf^ B9 before, tbe object lie supposed to emit white solar 
light, the rays, at\er passing the lens, would diverge from points 
betweeu b and v, varying according to their refrangibilities in tbe 
manner already expressed. 

It appears, therefore, that in the case of a divei^ing, as well as 
in that of a converginjj lens, the violet image is formed nearest to, 
ud the red most distant from, the lens ; the difierence being that 
th^ imafie is imaginary in the one case, and real in the other. Iliis 
poaition, however, will be reversed whenever an imaginary image 
tl Ibrmed by a converging, or a real one by a diverging lens. In 
llMse cases the red image will be nearest to, and the violet one 
molt distant from, the lens, as is easily shown. 

Let us suppose that the object is placed within the principal 
bcua of a converging lens; intiutt cnae the image will be imaginary. 



The pencils of rays proceeding from the Torioua points of tli9 
object, aller pB,ssLng throagb tbe lens, will be atill divergent:, bub 
less 60 than before. They will, in fact, diverge from poin 
difltant from the lens than the object, and tbeae will be the pointK 
of tbe imaginary imi^. Now, since the effect of the lens upoSi 
the violet rays will be (ip^atest, and upon the red rays least, tM 
divergence of tbe former will be most, and that of the latter Ii 
diminiahed, and, conseqaently, tbe red imaginary image will bti 
nearest to, and the violent most distant from, the lens, the imsget 
of intermediate colours being at intermediate distani^s. 

Tbus tbe position of the series of coloured images relative tS 
a converging lens is reversed according bs the object is within a 
beyond the principal focus; if it be beyond that focus, the violet 
is nearest to, and the red most distant from, the lens, tbe images 
being real ; if it be within the principal focus, on the contrary, 
the red ia nearest to, and the violet most distant from, the leni, 
nnd tbe image is Imaginary. 

In whatever poaition an object may be placed with relation to A 
diverging lens, the violet image is nearest to, and the red moit 
distant from, the lens, the images being im^inary. 

If, however, a diverging lena receive rays, which are c 
verging towards the points of a real image, it wilt either dimiaid 
their convergence or render them parallel or divergent, e 
as the real image towards which tbe rays converge is within, m 
or beyond the principal focus of the lens. If it be within tfa 
principal focus, tbe rays, after passing through the lens, will i 
still convergent though less so than before, and a real im^e Wl 
be formed more dialant from the lens than tbat to which the tajt 
had been convergent. But tbe convergence of the violet r 
being most, and that of the red rays least, diminished by the lenl 
tbe red im^e will be nearest to, and the violet image most ri 
from, the leni, tbe im^ea of intermediate colours having int 
mediate positions. 

If the real image towards, which the rays convei^ be at tt 
principal focus, the rays, after passing through the lens, will I 
parallel, and will form no image, either real or imaginary. 

If the real image towards which the rays converge be b 
the principal focus, they will diverge after passing the lem, a 
the divergence of tbe violet rays will be greatest, and that of tb 
red rays least. The points, therefore, from iriiich the violet raj 
will diverge will be nearest to, and that from which the red ri 
diverge most distant from, tbe lens. A series of imaginary in 
will therefore result, the violet being nearest t{i, and the red raos 
xemal« from, the lens. 
^/ Aiiowiiig out these prinnplea, knd apfdying them to ml 
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Iwrticulw cftsps which maj arise, the student will find no difficulty 

tracing the Tarious positions of the images. 

From all that has been explained, it follows that the images of 
objects produced by lenses, whether convergent or divergent, can 
onlj be single when the objects are iUaminated by homogeneous 
4igtit. But when they are, as all natural objects lire, illuminated 
by ligbt more or leas compounded, a lena will produce as many 
diatiiict images as there are constitaents in the compound light 
}>roeeeding from the object. If the object be white, a series of 
imege* will be produced having all the tints of the prismatic 
Vpectrom. If it be coloured, the series will consist of the several 
cotoimd imi^ea which correspond to the constituents of the light 
,J)roeeeding from the object. If, in line, the object be variously 
coloured, each port of it will have s distinct series of images cor- 
KESpoodlng with the constituents of its colour. 

it the image produced by a lens be received upon a screen, it 
Villi therefore, exhibit a confused representation of the object ; 
the colours diffused over the interoal parts of its area being those 
which, combined together, form white light, the general itrea of the 
image will not be coloured ; but the coloured pencils thus mingled 
together, being none of them brought to their foci on the screen, 
except those of the extreme red light, a confusion will ensue. At 
tbe edges there will be coloured fringes, because at the edges the 
(wncilB diverging from the edges of the series of images do not 
Orerlsy each other as they do at the central pencils ; and, conse- 
quently, the colours necessary for the production of white light 

e not iniDgted in these pencils. 

The consequence of all this h, that there will be formed upon 

e screen an image of the object, everywhere indistinct, and 
IHnged with prismatic colours at lis edges. 

The degree of indistinctness and the breadth of the fringes will 
depend upon the length of the space v r ; that is to say, upon the 
iUperticM produced by the lena, and also upon the difference 
between the mi^itudes of the extreme images rr' and »»', which 
litter depends upon the opening of the lens rsr', and on the dig> 
pcnton TB conjointly. 

Iftn conee(|uence of this is, the indistinctness of the image and 
Ibe coloured fringes arising from this cause increase as the focal 
lengfii of the lens diminishes, as its opening inoi-eaais, and aa the 
"»per*i*e power of the material of which it is composed increases. 

From all this it might be inferred that the optical utility of 
knies would be utterly destroyed in the case of all objects save 
InrJi «a would emit or reflect homogeneous light. For if such a 
Bmltitude of variously coloured images be formed at various dis- 
ftam the len*, the effect whiicli would be produced upon a 
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card held at any distance whatpver might be supposed to be a 
confused piitch of coloured light, having no perceptible resem- 
blance in Ibrm or colour to the object ; and such would cert^nl; 
be the cose if the distances of the several images, one from another, 
were considerable. These distances, however, are so small, ud 
the coloured images are so blended together, that the deeompo^ 
eition of their colours appears principally bj coloured {ringes pr~^ 
duced upon their edges, and 'la general upon the outlines of th 
parts. Nevertheless, when these false lights and fringes 
□iGed, the general appearance of the object under 
would be BO changed as to colour, and so indistinct »i 
as to be rendered useless Ibr all the purposes of scientific inqtUr]^, 
The indistinctness of the ima^ thus produced, is called fitfft 
mniic oAerroft'on, front the Greek, word xp*'Mo (chroma) rignifyu^ 

The extent of the chromatic aberration produced by • h^ 
measured hy the interval between the red and violet inM gw^, j 
called the diiperiian of the lens. 

Z09. Acbromatlo expedient*. — It appears, therefore, tJiAtlH 
single lens can produce an imi^e of an object tree from eoloimd 
fringes; but by combining two or more lenses of whicti ti 
diapersions are equal and opposite while their refractioat .t 
unequal, a refracting lens may be obtained free from disptndoOi 
and which, therefore, will produce optical images of objects exeap( 
from coloured fringes. 

To make this more clear, let l and l' be two lenses, whoie foOB 
and material is such that the distances between the violet and red 
images of the sun which they would produce shall be equal, the 
violet being nearer to, and the red most distant from, the one 
lens, while the red is nearest to, and the violet most distant 
ftom, the other. It is clear that in this case the dispersion pro- 
duced by the lens l will be equal and contrary to that produced 
by the lens l', and that, therefore, they will destroy each other, 
just as positive aud negative algebraical quantities destroy each 
other when equal. 

If the lenses l and l' in this case were made of the same material, 
the condition which imposes equality and opposition on their 
dispersions, would also toiposc equality and opposition on their 
refractions ; and, consequently, the rdractions would mutually 1 
neutralise each other as well as the dispersions, and the combi- I 
nation would be equiv^ent U> a, disc of plane glass. 1 

But if the lenses t. and l' be made of diflerent materials, thejr I 
will necessarily produce unequal dispersions with the same refnc- I 
tion, or unequal refractions with the same dispersion. ThuB, fbi I 
fiKomple, if LI. and j/h',Jig. 136., be two iensea of different na^j 
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' terials, so formed that the violet imi^es vv' of the anme -whrte 
nbject oo and o'o', placeJ at equal distances from them at one 
aliie, shnll be prtiduped s.t equal distances from them on the other. 




i' mill be produced at unequal distances from 
tliem, the lens nhose mntenal has the greatest dispersive power 
throwing, in that case, the red im^e ■' to a gresler dutance from 
ihe km. Thus, white the two lenses produce the violet images 
at equal distaiices from them, thej will fo-oducc all the other 
coloured images at UQerjual distkncea. 

But since, with the same material, the increase of the refraetion 
bf incrMtK of the eonvexit^ will be attended with a corresponding 
uiureaM of dltpersion, it is evident that bj increjuing the convexitj 
of the lens Li^ the coloured images will be formed nearer to it, 
and farther from e»ch other j and, I'ODiiequontlj, such a curvature 
i."l'' luaj be given to it, that the diatancc v"b" between the violet 
and the red images shall be equal to the distance v'a' between 
the violet and red images produced by the lens i/h'. 

Thai, while i.l and l'l' are two lenses of equal refraction and 
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unequal dispersioiii i.'l' aa&i."i/' are tiro lenses of unequal 
tion and i^<iual dispersion. 

In these exmnples we have selected cases in which the lenMtf 
compared together produce dispersions in the same direction, dts' 
violet im^e being, in each case, nearest to, and the red 
tant from, the lens. Let us now consider the case in which thi 
two lenses have opposite and equal dispersions. 

ZIO. JLchromatlD oampouail lenm. ^ — ^ Let l.'lS,Jig, 
a diverging lens, and let it be supposed to receive rays proceeding 




from a white object, which, if not intercepted, would produce ■ 
real ima^e of the object at a point o', within the focal distance t£, 
the lens l'i.'. In that esse, the Icna l'l', according to what h 
been explained, will produce a series of coloured images of Ite 
object at a greater distance from the lens, the red image b' being^ 
nearest, and the violet image v' most distant from, the lens, It* 
dispersion being n'v'. Now, this disjiersion maj be increased or 
diminished by increasing or diminishing the concavity, oi 
diverging power of the lens i.'i,'. It is evident, therefore, that 
such a form may be assigned to the lens l'l' as will give the dis' 
persion a'v' any desired magnitude. 
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IS. Let o be a white object placed at such a distance from tite 

IS Li^ that its violet and red images would be formed at v nnd 

the distance tb being therefore its diBpei*sion, But instead of 

lllowing the rays traDsmitted through the lens I.L to form this 

Kries of images, we will suppose them intercepted bj the lens l'l', 

! the images would fall within its focal length, tbe effect 

ill be to throw the images to a greater distance from it ; 

Hit its effect upon the violet image v will be so much greater than 

efiecC upon the red image b, that the distance of v from the 

a will be more increased than that of b by a space exactly equal 

TB, and, consequently, the two images will be made to coalesce, 

lod ^e system will thus be rendered, for all practical purposes, 

Ichromatic. We say for all practical purposes, inasmuch as, al- 

" ougb ibe conditions here supposed will prodace the coincidence 

the red and violet iraagen, they will not rigorously produce the 

Doincidence of all those of the intermediate colours. Nerertheless, 

general elfect will be the production of na image sensibly 

exempt from chromatic oonHision. 

211. Matbematloal fbrmnlw. — Sucb are the general princi- 
nles upon which compound lenses, exempt Irom chromatic aber- 
ntton, are produced. Such lenses are said to be achromatic, and 
princifjes upon which they are constructed constitute the 
lieory of achromaiiam. 
Having explained these general principles, it may be satisfactory, 
L a question of such importance, to supply alao the more rigorous 
athematical details of its solution. 

To put the question under its most simple form, let it be re- 
luired to find what form must be given to two lenses composed 
lf ntedia having different refracting powers, so as to render the 
bca] length of the compound lens for light of any one refrangi- 
lility, equal to its focal length for light of any other refrangibility. 
Let t" and r" be the focal lengths of the two lenses for light, of 
rlucli the indices of refraction are 11' and n" for the media com- 
_ the lenses respectively. 
Let f and f" be their focal lengths for liglit of which the in- 
ces (d* refraction are m' and m". 
Let r be tbe focal length of the compound lens. 
The oonvCTging power of the compound lens on each kind of 
!ht will be equal to the sum of the converging powers of the 
ro lenws separately on the some kind of b'ght. The converging 
iwer of the compound lens, therefore, on the light whose indices 
Iwfttc UoP are r' and n", will be 

1 , 1 
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and in like manner its converging powers on the light whose in- 
dices of refraction are w' and m"^ is 

But since, by the supposition, these two converging powers 
must be rendered equal, we shall have 

The question is, then, to assign such magnitudes to the radii 
of the surfaces of the lenses as will make them fulfil this con- 
dition. 

Let Bj and r^ be the radii of the surfaces of the first, and r^ 
and Tg those of the surfaces of the second lens. We shall then 
have, by the formulae given in (l47.)» 



l^ (>''-0(«i-»^) 1^ (»^^-I)(r,~r0 . 

P' Bi Ba ' y" r, Tz ' 

1 _ (m^-1) (b.-rQ 1 _ K'-l) {r.-ri) 



But since 



we shall have 



F f'' /' /"' 
1111 



therefore 

(n^-mO(B,~B,) _ (n^^-,,yt^/)(r,-r,) . 
B, B, r, r, ' 

and consequently 

n'—mf (r|— rg)Bi B g 

n'' — m" (b, — B^) Ti Tj* 

The numbers expressed by n' — m' and n" — m" are the dif- 
ferences between the indices of the two lights having different re* 
frangibilities, which are supposed to be transmitted through the 
lenses. These are the dispersive powers of the media composing 
the lenses for each of the two lights. If, then, the radii of the two 
lenses be so selected as to render the fraction expressed by the 
second member of the preceding equation equal to the ratio of the 
dispersive powers of the material of the lenses for the two sorts of 
light, they will be brought to the same focus by the compound 
lens. 
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To simplify this, let us divest the preceding formula of its 

gaierality, and suppose that the first is a 
double convex lens l (^fig, i ^9.), with equal 
radii, and that the second is a doable concave 
lens j/^ the surface of which, in contact with 
the first, has the same curvature with it, and 
consequently the same radius. Observing 
that when the convexities are turned in 
contrary directions, the radii have contrary 
*''^^ signs, the preceding formula will now be 

reduced to> 

Now it M always possible so to select the radii as to fulfil this 
condition; and iJierefore a compound lens, composed of two 
lenses of difierent refracting media, can. always be constructed 
which will bring to the same focus two lights of difierent refran- 
gibilities. 

Let us suppose that the double convex lens is composed of 
crown glass, for which 

n'=r546566, m'=i-525832, 

and the double concave of flint glass, for which 

n"= I "67 1 062, m"=: I '627749 ? 

we shall therefore have 

n'— mf _ 207 34 ^ Ta — Bi ^ 
n"--m"'" 4.33 1 3"" 2ra '^ 

from which we find that 

rg= 23-47 XEp 

The radius of the second surface of the double concave lens must 
in this case, therefore, be 23^ times the radius of the double 
convex. 

A compound lens, which produces such an effect, is called an 
aekrcmaticlen». 

212. •tru ic te re of aebromatle lenses. — The materials which 
have been found most valuable for achromatic lenses, are flint and 
crown glass, which differ considerably in both their refracting and 
dispersing powers. The refracting and dispersing powers of these 
sorts of l^lass vary according to die proportions of their consti- 

M 
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tuetits, but tbey may slwajs be rendered such ai to fulfil ti 
coaditioas necessary for an achromatic lens. 

The forms of the leosea ahovn in^. 139. are those of a dout 
concave of flint, and a double convex of crown glaas. It ie lu 
ther necessary nor expedient, however, that these forms should bl 
adhered to. The crown glasa lens may be double-convei, w 
unequal convexities, or it may be plano-convi 
The llint gUsa lens may be in like manner double-concaTC, « 
unequal concavities, or it maybe plano-concave, or concavo-convea 
In the same waj the curves of the surfaces may be indefinite^ 
varied, the compound lens having atill the same focal length. 

The artist has therefore a nide latitude in 
achromatic lensea, of which the most eminent optician 
availed themselves with consummate skill and address, s 
efface, by the happy combination of curves, not only the apkerio^ 
aberration, but cJso the chromatic aberration of the eye glaMi 
and the spherical distortion of the final image in the compoun 
microscope. 



aij. The optical phenomena attending ordinary reflection 
refraction, which have formed the subjects of the preceding chap-l 
ters, have been explained witbout reference to any hypothesis of^ 
theory. They have been deduced directly from experiments, th« 
results of which are so simple and obvious, that the latrs whidi 
prevail among them have been rendered evident without refweno* 
to theoretical consiiterations. 

Other phenomena, however., will now have to be examined, is 
which the same simplicity does not prevail, and which do not 
admit of being explained or reduced to general laws without the 
occasional nse of language derived from one or other of the theo* 
ries respecting the nature of light which have been imagined bj 
scientific inquirers. 

21 4.. Two Uiesiiea. — Between the ejs and any distant ob- 
ject, there intervenes a space of greater or less extent, and oftei^ 
as in the case of the stars, so great as to be incapable of being 
dearjl^ and adei^uately expressed by an^ standard or modulus m_ 
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nagnitode with wtich we are familiar. Yet objecta at these ina- 
lense diatancea are rendered visible to us bj aoiae physical effects 
'hioh they produce upon our organs of vision. 
How then are we to conceive that an object placed at anj did- 
b^Qce, for example, say one hundred millions of miles, from the 
Ije, can transmit over and through that space a mechanical effect 
to the retina F We answer that there are two, and onlj two, 
mtja in which it is possible to conceive such an action to Uka 
^ace. These two are the following : — 

Z15. CorpoBOnlar l<7potbeila> — First, The distant object 
tiins visible to us may emit particles of matter from its surface, 
Irhich particles of matter may pass over the intervening space, 
the pupil of the eye, may strike upon the nervous mem- 
brane, and so affect it as to produce vision. 

iDlOitorx tbaoTT. — Secaad. There may be in the space 
between the distant visible object and the eye, a medium posa^siiug 
aliuticiti/, BO as to be capable of receiving and transmitting pulsa- 
tiona or undulations like those imparted to the tur by a sounding 
body. If this be admitted, the distajit visible object may, without 
emitting any particles of matter from its surface, a&ect such a 
Diediuin Burrouadiog it with pulsations or undulations, in the same 
Banner as a bell affects the air around it. These pulsations or 
sadtdations may pass along the space intervening between the 
Visible object and the eye, in the same manuer as the pulsations or 
trndulations produced by a beil pass along the air between the bell 
sod the ear. In this manner, the pulsations transmitted from the 
object, and propagated by the medium wo have referred to, 
f reach the eye and affect the membrane which lines it, in the 
le manner exactly as the pidsations in the air affect the tym- 
panum of the ear. 

217. Compartovn of tbe«« tbeorleai — In the first there is 
in analogy between the eye and the organs of smelling. Odorous 
ibjects do actually emit material effluvia, vrhich form part of their 
bwn substance. These effluvia reach the organ of smelling, and 
■odnce upon it a specific effect, which impresses the mind with a 
irrcaponding perception. According to the first supposition, s 
Hvble object at any dbtance would act in the same way, and 
Irould eject continual particles of light, which particles of light 
iniild move to the eye and produce vision, acting mechanically on 
■ membrane in the same manner as the ellluvia of a rose product! 
■ensible effect upon the organs of smelling. 
The Kcond method places the eye in analogy with the ear. So 
loK it this analogy, that all the mstbematical formula by which 
hs effect* of sound are expressed in acoustics, will, with very 



r 



164 OPTICS. 

slight cbangeB, be capable of expressing the effects of Timon, u 
curding to the latter hypothesis. 

It i» evident, howerer, that as the Rrat hypothesis requires a 
lo admit that distant visible objects are continually ejecUi^ 
matter from their surfaces to produce vision, so the second hj 
polhesis as peremptorily requires the admission of the exiatenc 
of some physics] medium pervading the universe, — some subll 
ethereal fluid endoned with a property of propagating the pulsa 
tioDS or undulations of distant visible objects, and tnmsmiltm 
them to the eye. This hypothetical fluid has been called t' 
lumini/ermu ether. 

The first of these two celebrated theories of light has been calls 
the corpuieuhr theory, and the second the undidotpry theory. 

Newton, although he did not identify his investigationB in o_ 
with any hypothesis, but lu the spirit of the inductive philosoph 
founded by Bacon based his conclusions on experiments and t>t 
servatJons only, adopted nevertheless the nomenclature and Ifui 
guage of the corpuscular theory, and probably, from veneratio 
tor his outhority, English philosophers, until recently, have ver 
generally given the preference to that theory. 

The nndulatory theory, on the other hand, was adopted \ 
Huygens, and after him by most continental philosophers. 

Optical researches within the last hundred years have been pn 
secuted with singular diligence and success. A vast variety 
phenomena previously unknown have been accurately invesi'' 
gated, new laws have been developed, and the genertd result h 
been that the undulatory theory haa previuled over the cotpo 
cular. It is perhaps not an unfair statement of the actual co 
itition of these two celebrated hypotheses to say that while tl 
corpuscular system is found sufficient to explain most of the <hn 
mon and obvious phenomena of optics, it totally falls in exphunia 
innny of the most remarkable effects brought to light by moder 
ubservatioDs and experiments. On the other hand, the undulatw] 
theory in general offers a satisfactory explanation for all. 
LJrcumstance has very properly and legitimately enlisted nnder' 
that hypothesis almost all the leading scientific men of the present T 

Although the principal facta which we shall have now to expluttJ 
are in fact independent of either of these two hypotbese 
ineontestably tme, whichever may be adopted, yet in their e: _ 
tion it will be necessary to adopt thelauguage of one or the otlii 
of these theories. We shall, for the reason just stated, use t' 
DOimenclature of the undulatory theory. 

We are then to imagine light to consist of undulationa i 
pagnted through the universal ether, in 
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the waves or undulatiocs of Bound are propagated through 

21 3. VelDol^ of Ilrht. — The first question, then, tliat arises 
is, irhat is the velocity with which these waves move ? At what 
rate doea light come from a distant star to the eje ? Is it propa- 
gated instanlaneonsly ? Would a ire auddenlj lighted at a point 
one hundred millions of miles from the eye be seen at the moment 
the light ytas produced? — or would an interval of time be 
necessary to allow the light to reach the eye? and if so, what 
would be the interval of time iti relation to the disCuDce of the 
inminoua object P 

In tracing the progress of human knowledge, we frequently have 
occasion to heboid with surprise, and not without a due sense of 
bumiiity, the important part which accident plays in the advance- 
ment of ecience. Often are we with diligent zeal in search of 
things, which, if found, would be of trifling or no value, when we 
itnmble on inestimable treasures of truth. The frequency of this 
itrODglj impresses the mind with the persuasion, that there is in 
Kcret operation a power, whose will it is that knowledge and the 
human mind should be constantly progressive. It is in physics as 
in morslfl. We ignoraatly seek that which is worthless, and find 
wbftt is inestimable. 

In the pursuit of knowledge we might well say that which we 
are taught t« express in the pui-suit of what is moral and good. 
Ve might say that the power which governs its prcgresg knows 
better than we do " our necessities before ne oak, and our igno- 
rance in asking," We shall see a striking example of this in the 
narrative of the celebrated discovery of the moUon of light. 

219. SctermlBed 'b^ Jupiter's aatalllteB. — Soon after the 
invention of the telescope, and the conseciuent discovery of Jupi- 
ter's satellites, Boemer, an eminent Danish astronomer, engaged in 
4 Mries of observations, the object of which was the discovery of 
the exact time of the revolution of one of these bodies around 
Jupiter. The mode in which he proposed to investigate this 
wu, by observing the successive eclipses of the sateUite, and 
DOtidng the time between them. 

IjM s (j^. 140.) represent the sun, and abcdepqic the 
niGc«s«ive relative positions of the earth. Let j be Jupiter pro- 
jectiog beblud him his eonicol shadow, and let m n represent the 
orbit of one of his satellites. After each revolution the satellite 
Hill enter the shadow at it, and emeige from it at v. 

Now if it were possible In observe accurately the moment at 

which the satellite would, after each revolution, either enter the 

(badow, or emerge from it, the interval of time between these 

events would enable us to ctdcuUte exactly the velocity ai 

» J 




OPTICS. 

But by altentively watching the eatellitc 

it enters the shadow, for at that moment 

it is deprived of the sun's light, and be. 

rnnies invisible. We can also note tfai| 

iii^iment of its emergence, because Utet 

escaping from the edge of the sbadow, S 

I'times into the sun's light, and becomtt 

visible. It was In this manner that Roem^ 

proiwseil to ascertain tbe motion of 

siileilite. But in order to obtain the e 

mute with the greaffist possible precision 

he proposed to continue his observations ft 

ieveral months. 

Let us, then, suppose that we have ol 

I served the time which has elapsed betweei 

lo successive eclipses, and that this tinu 

, for example, forty-three hours. W( 

ight to expect that tbe eclipse would rectu 

after the lapse of every successive period « 

fortj-three hours. 

Imagine a table to be computed in whici 
we shall calculate and register beforehanc 
the moment at which every successive eclipw 
of Ihe satellite for twelve montha f 
sh.iU occur; we shall then, as Eoemer did 
observe the momenls at which the ecUpsa 
'>i.'('ur, and compare them with tbe momentl 
ii'^istered in the table. 

L(?t tbe earth be supposed at a, at thfli 
1 nmmencement of these observations, whers 
it is nearest to Jupiter. When tbe earth hai 
iiiQved to B, which it will do in about si 
iveiiks, it will be found that the occurrenca 
of tbe eclipse is a littU later than the lime 
registered in the table. When the earth ar- 
rives at c, which it will do at the end of 
three months, it will occur aliU later than tho 
registered time. In fact, at c the eclipses 
ill occur about eight minutes later than the repstered ti 
they will he twelve minutes later ; and at b sixteen minutes later. 
By observations such as these, Roemer was struck with the fact 
that his prediction of the eoLpses proved in every case to 
wrong. It would at first occur to him that this discrepancy mig 
ftom some errors of his observations; but if such were t 
it might be expected that the result would b' 
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of bregularitj which is always the character of such eiTors, Thus 
it woald be expected that the predicted time would Bometimee be 
later, and sometimes earlier, than the observed time, and that it 
would be later and earlier to an irregular extent. On the con- 
trary, it was obserTcd during an interval of little more than six 
months which the earth took to move from a to e, that the ob- 
served time was continually later than the predicted time, and 
moreover, that the interval by whi-oh it was later, continually and 
regularly increased. This was an efTect too regular and consistent 
to be supposed to arise from the casual errors of observation ; it 
■nnit have its origin in some phjBical cause of a regular kind. 

The attention of Boemer being thus attracted to the question, 
he determined to pursue the investigation by continuing to observe 
the eclipses for another half year. Time accordingly rolled on, 
and the earth, transporting the astronomer with it, moved from b 
to r. On arriving at r, and comparing the observed with the pre- 
lUcted eclipee, it nas found that tlie observed time ttas now only 
twelve minutes later than the predicted time. Soon after the 
ex|nration of the ninth month, when the earth arrived at c, the 
obsei^ed time was found to be only eight minutes later ; at h it 
wu only four minutes later; and, finally, when the earth returned 
to its first relative position with the planet, the observed time 
corresponded precisely with the predicted time.* 

EVom this course of observation and inquiry it became apparent 
tbat the lateness of the ecUpse depended altogether on the increased 
distance of the earth from Jupiter. The greater that distance, the 
later was the occurrence of the eclipse as apparent to the observers, 
■ad on calculating the change of distance it was found that the 
delay of the eclipse was exactly proportional tu the increase of the 
earth's distance from the place where the eclipse occurred. Thud 
vhen the earth was at e, the eclipse was observed 1 6 minutes, or 
About 960 seconds later than when the earth wm at a. The dia- 
meter of the orbit of the earth, A E, measuring about 190 millions 
of miles, it appeared that thai distance produced a delay of 960 
teeoaHs, which was at the rate of 19S000 miles per second. It 
speared, then, that for every 198000 mites that the earth's dis- 
tance from Jupiter was increased, the observation of the eclipse 
«ai delayed one second. 

Such were the facts which preeenled themselves to Roemer. 
Bow were they to be explained ? It would be absurd to suppose 
lliM the actual occurrence of the eclipses was delayed by the in- 
creased distance of the earth from Jupiter. These phenomena 
dciMnd only on the motiou of the satellite and the position of 

■ The (xict intertd is J98 dsyi, the syQCNlio period of Jnp)t«i. 
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Jupiter's ebadov, and bave nothing d w h, and c 
DO dependeiKe on, the positioa or m ti n f h a th ; 
questionably the lime at which th 7 ppea ur to 

server upon the earth, has a depe d n n h di Imhx of th« 
earth from Jupiter. 

To solve this difficulty, the happy idea occurred to Roemer that 
the moment at which we see the extinction of the satellite by it 
entrance into tbo shadow is not, in any case, the very moment ■ 
which that event takes place, but some time afterwards, viz^ auolt 
an interval us is sufficient for the light which left the satellite ju 
before its extinction to reach tlie eye. Viewing the matter tfau 
it will be apparent that the more distant the earth is from tl 
satellite, the longer will be the interval between the extinction 1 
the satellite and the uirival of the last portion of light which 1^ 
it, at the earth; but the moment of Ibe extinction of the satelliu 
is that of the commeDcement of the eclipse, and the n 
arrival of the light at the earth is the moment the«a 
of the eclipse is observed. 

Thus Roemer, with the greatest felicity and success, explwne 
the discrepancy between the calculated anil the observed timee c 
the eclipses; but he saw that these circumstances placed a gra 
discovery at his hand. In abort, it was apparent that light ia pro 
pagated through space with a certain definite speed, and that Uti 
circumstances we have just explained supply the means of measur- 
ing that Telodty. 

We have shown that the eclipse of the satellite is delayed one 
second more for every 198000 ndles that the earth's distance turn 
Jupiter is increased, the reason of which obviously is, that light | 
takes one second to move over chat space ; hence it is apparent that { 
the velocity of light is at the rate, iu round numbers, of zooooo -J 
miles per second. 

We ore then to remember that when light is propagated through 
space with the astonishing velocity of zcxiooo miles per second, 
there is no material subsumes which really has this progressiva 
velocity; it belongs ni»ely to the Ibrm of the pulsations, or undu 
lations. The same observations, exactly, are applicable to tU 
imission of the waves of sownd through the air. 
10. AmplltndB of wmTBB. — Tu order to submit the pbeno 
1 of light to a strict physical analysis, it Is not enough b 
lure the motion of ita wav<J3. We require also to know their 
amplitude or breadth, just as, in the case of the waves of the sea,, 
we should require to know not only the rate at which they ani 
propagated over the surface of the water, but also the space whieb 
intervenes between the hollow <)T crest of each and the hollow oc 
crest of the succeeding o; 
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For flie gointion of ttia problem, we are indebted to Newton 
iumself. To retiiier intelligible the mode in which he solved it, 
imagine a flat plate of glass, auch as d£ (^. 141.), placed 



t atmvtx ieaa of glaaa, the surface of which reprea ed 
ij AB, but which must be supposed to ha mfiiiit Ij I 
fenre than that which appears in the figur 

The under surface of the flat plate wdl tou h th t f 

^ convexity at c, and the further luij po nt n th u d f 

the greater will be the distan betw n h rf 
} glasses. Thus the distance between them at a is less 
and the distance at c is less than at e, and so on. The 
iutanoe al the surfocea graduollj increasing, in fact, from c out- 

If, looking dawn on the plate de, we consider the point c as a 
!, and a circle be described round it, at all points of that 
ircle tbe surfaces of the glasses will have the same distances be- 
veen them, and the greater that circle is, the greater will be the 
inance between the surfaces of gloss. 
H&ving the glasses thus arranged, Newton let a beam of light 
r some particular colour, produi;e"l bj a prism, as red, for vx- 
nple, lUI on the surface of the glass de. He found that the 
ffwtt produced was that a black spot appeared at the centre c, 
I the glasses touched j that immediately around this spot 
appeared a circle of red light ; that beyond that circle ap- 
a dark ring; that outside of that dork ring there was 
circle of red light, still bavbg the point c as its centre. 
)iltwde this second circle appeared another dark ring, beyond 
riuch there was another circle of red light, and so on, a series of 
irdes of reil light alternated with -dark rings being formed, all 
■viag the paint c m their common centre. 

The distances between the surfaces of glass at which the suc- 
essive circles of red light were found, were too minute to be 
lirectly measured, but they were easily calculated by measuring 
e diameters of the circles of light; and, knowing the diameter 
' tbe convex surface a c b, this was a simple problem in geometry 
lily solved, and admitting the greatest accuracy. 
On making these calculations, Newton Ibund that the distance 
itweeti the glass aurfaces where tbe second red circle was formed 
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•taa double tlie distance corresponding t« the first; that U t 
third red circle the distance vas triple tkit of tbe firat, and bo c 
It fiJlowed, of course, that wherever the dark rings were formed 
the dielancea betveen the glass surfaces vrere not nn exact nun ' 
of times the space corresponding to the first red circle- 
Thus if we eipress tbe space between the glasses at the first red 
circle bj 1, the space between them within tliat circle, toward the 
centre c, would be a fraction. Tiie space corresponding to 
first dark ring outside the first red circle would be expressed hj 
I and a fraction ; the space nt the second red circle would be e^ 
pressed bj 2 ; the space at the second dark ring would be expressed 
by 2 and a fraction, and so on. 

N'ewton was not alow to see that these phenomena were the 
direct manifestation of those effects which, in the corpuscular 
theory, whose nomenclature he used, corresponded to the ampli> 
tilde of the waves of light in the undulatoiy theory. The space 
between the surfaces of glass at tbe first red ring was tbe amplitude 
of a single wave, the space at the second red circle the amplitude 
of two waves, and so on. Witliin the first red oiicle, the space 
between the glasses being less than the amplitude of a wave, the 
propagation of the undulation w as stopped, and darkness ensued ; 
in like manner, in the space corresponding to the second darit 
ring, the distance between the glasses being greater than the am- 
plitude of one wave, but less than the amplitude of two, tie 
propagation was again stopped, and darkness produced. But at 
the second red circle, the space being equal to the amplitude of 
two waves, the undulations were reflected and the red ring pro- 
duced, and so on. 

It was evident, then, that to measure the amplitude of the 
luminous waves, it was only necessary to calculate the distance 
between the glaases at the first red ring. 

211, Vnmber of nndiilatiDiia tn bb fnoh. — When light of 
other coloura was thrown upon the glass, a similar system of 
luminous rings was produced, but it was found in each case that 
the first ring varied in its diameter according to the colour of t^ 
light, and consequently that the amplitude of the waves of ligbtf 
of different colours is different. It appeared that the waves of 
red light were the largest ; orange came next to them ; then yel- 
low, green, blue, indigo, and violet succeeded each other, th« 
waves of each being less than those of the preceding. But the 
most astonishing part of this most celebrated investigation wM 
the minuteness of these wavec. It appeared that the waves of 
red light were so minute, that 40000 of them would be comprised 
within an inch, while the waves of violet light, forming the other 
. M t ra m a of the seilas, van •<> muU, that 60000 ejiread ovw m 



MAGNITUDE OP WAVES. i;i 

incb, and the vraves of light of other coloun were of intermediHte 
magnitudes. 

Thus was discovered the physical cause of the splendour and 
variety of colours, and a singular and mysterious alliance was de- 
veloped between colour and sound. Lights are of various hues, ac- 
eoTding to the magnitude of the pulsations that produce them, vary 
exactly as musical sounds change their tone and pitch according 
to the magnitude of the aerial pulsations from which they result. 

But this is not all. The alliance between sound and light does 
not terminate here. We have onlj spoken of the amplitude of 
Ae luminous wavesi and have shown that it determines the tints 
of colours. What are we to say for the attitudes of the wikves ? 
Here, again, is another link of kindred between the eye and the 
ear. Aa the altitude of sonorous iva^es determines the loudness 
of the sounds, so the altitude of luminous waves determines the 
Utenaity or brightness of the colour. 

There is one step more in the series of wondrous results which 
; Aete memorable investigations have unfolded. As the perception 
' of lound is produced by the tympanum of the ear vibrating in 
' lyiiipatbetic accordance with the pulsations of the air produced 
;l^ the Bounding body, so the perception of light and colour is 
'voduced by simitar pulsations of the membrane of the eye vibrat- 
' H^ in accordance with ethereal pulsations propi^ted from the 
• Ttdble object. As in the case of the ear, the rigour of scientific 
investigation requires us to estimate the rate of the pulsation of 
the tympanum corresponding to each particular note, so in the 
0*ae of light are we required to count the vibrations of the retina 
'flon'esponding to every tint and colour. It may well be ashed, 
in some spirit of incredulity, how the solution of such a problem 
could be hoped for ; yet, as we shall now see, nothing can be more 
sample and obvious. 

212. Let ussupposeanobject of any particular colour, a red star, 
ioT example, looked at from a dislnnce. From the star to the eye 
'there proceeds a contitmous line of waves ; these waves enter the 
|ni|Hl, and impinge upon the retina; for each wave which thus 
rtrikea the retina, there will be a separate pulsation of that mem- 
braoe. Its rate of pulsation, or the number of pulsations which 
it Bukea per second, will therefore be known, if we can ascert^n 
bow many luminous waves enter the eye per second. 

It has been already shown that light moves at the rate of about 
JOOOOO miles per second ; it follows, therefore, that a length of 
'JWJ imounting to 200000 miles must enter the pupil each second ; 
the number of times, therefore, per second, which the retina wilt 
vibrate, will be the tame as the number of the luminous waves 
in a ray 200000 miles long. 
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Let us take the case of red light. In 200000 miles there are 
in round numbers 1000,000000 feet, and therefore 12000,000000 
inches. In each of these 1 2060,000000 of inches there are 40000 
waves of red light. In the whole length of the ray, therefore, 
there are 480,000000,000000 waves. Since this ray, however, 
enters the eye in one second, and the retina must pulsate once for 
each of these waves, we arrive at the astounding conclusion, that 
when we behold a red object, the membrane of the eye trembles 
at the rate of 480,000000,000000 of times between every two 
ticks of a common clock ! 

In the same manner, the rate of pulsation of the retina corre- 
sponding to other tints of colours is determined ; and it is found 
that when violet light is perceived, it trembles at the rate of 
720,000000,000000 of times per second. 

223. Table of undnlatloBs.— In the annexed table are given 
the magnitudes of the luminous waves of each colour, the number 
of them which measure an inch, and the number of undulations per 
second which strike the eye : — 





Length of Undulation 


Number of Unduiationi 


Nnmher nf I7iMli^1at|mt 


Colours. 


in Paru of an Inch. 


in an Inch. 


per Hecood. 


Extreme Red • 


0*0000266 


37640 




450(000000,000000 


Red ... 


0*0000256 


39180 


477,000000,000000 
506.000000,000000 


Orange 


0*0000240 


41610 


Yellow 


0*0000227 


44000 


535,oooooo/X30ooo 


Green 


0*0000211 


47460 


577 i00oooo,oooooo 
622,000000,000000 


Blue . - - 


0*0000196 


51 1 10 


Indigo 


0-0000185 


54070 


658 ,000000,000000 


Violet 


0*0000174 

o'ooooi67 


57490 


699,000000,000000 


Extreme Violet 


59750 


727,000000,000000 



The preceding calculations are, as will be easily perceived, made 
only in round numbers, with a view of rendering the principles of 
the investigation intelligible. In the table the exact results of 
the physical investigations which have been carried on, on this 
subject, are given. 

224. Whichever theory we adopt to explain the phenomena of 
light, we are led to conclusions that strike the mind with astonish- 
ment. According to the corpuscular theory, the molecules of 
light are supposed to be endowed with attractive and repulsive 
forces, to have poles to balance themselves about their centres of 
gravity, and to possess other physical properties which we can 
only ascribe to ponderable matter. In speaking of these pro- 
perties, it is difficult to divest oneself of the idea of sensible mag- 
nitude, or by any strain of the imagination to conceive that par- 
ticles to which they belong can be so amazingly small as those of 
light demonstrably are. If a molecule of light weighed a single 
grain, its momentum (by reaaon of the enormous velocity with 
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Wbicb it moyea) would be such that its effect would be equol to 
that of a cannon-ball of one hundred and fifl; pounds, projected 
with a Telocity of one thousand feet per second. How incon- 
cdvabtj small must thej therefore be, when milliona of molecules, 
colleoted bj lenaea or mirrors, have never been found to produce 
the slightest effect on the most delicate apparatus contrived ex.- 
presal; for the purpose of rendering iheir materiality sensible I 

If the corpuscular theory astonish us by the extreme nunute- 
ness and prodigious velocity of the luminous molecules, the nu- 
merical results deduced Irom the undulatory theory are not less 
overwhelming. The extreme amalLneas of the amplitude of the 
vibratioDs, and the almost inconceivable but etill measurable ra- 
pidity witli which they succeed each other; were computed bj 
Sr. Young, and are exhibited in tha above table. 

215. Beaearobes of Tonne. — That the sensation of light is 
produced by the vibrations of an extremely rare and subtle fluid, 
U an idea that waa maintained by Descartes, Hooke, and some 
others ; but it is to Huygens that the honour solely belongs of 
luving reduced the hypothesis to a definite shape, and rendered it 
KTulable to the purposes of mechanical explanation. Owing to 
the great success of Newton in applying llie corpuscular theory to 
tut splendid discoTeries, the specutations of Huygena were lung 
ejected ; indeed, the theory remained in the same state in 
Irlucli it was left by him till it was taken up by our countryman, 
Bie late Dr. Young. Bj a train of mechanical reasoning, which 
[n point of ingenuity has seldom been equalled. Dr. Young was 
Donducted to some very remarkable numerical relations among 
Knueof the apparently moat dissimilar phenomena of optics, to the 
general laws of diflraction, and to the two principles of colouration 
if crystallised aubstances. 

xz6. Kalm, Anwo, (ud otlifln. — Malus, so late as iSio, 
made the important iliscovery of the polarisation of light by re- 
Uctioo, and successfully explained the phenomenon by the hypo- 
liesis of an undulatory propagation. The theory subsequenlly 
leceived a great extension from the ingenious labours of Fresoel ; 
lad the still more recent researches of Arago, Poisson, Herschel, 
Ury, and olbcrs, have conferred on it so great a degree of pro- 
lability, that it may almost be regarded as ranking in the class of 
lemoitstrated truths. " It is a theoiy," says Herschel, " which, if 
lot founded in nature, is cerUunly one of the happiest fictions that 
lie genius of man has yet invented to group together natural 
dieoomena, as well as die most fortunate in the support it has 
cceived from all classes of new pbenumenu, which at their dis- 
nvery seemed in irreconciieable opposition to it. It is, in fact, 
B all iu applications and details, one succession of felieiliet ; in- 
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osmuch H3 that we may almost be induced to my, if it b 
it deserves to be." 

227. Relatioiu of liglit BJid beat. — Light and heat are M, 

intimatelj related to each other, that philosophers have doubted 
whether they are identical principlea, or merely co-existent in tho' 
luminous rays. They possess numerous properties ii 
being reflected, refracted, and polatlied according to the Bams 
laws, and even exhibit the same phenomena of interference. Most 
substances during combustion give out both light and heat ; audi 
all bodies, except the gases, when heated to a high temperaturei. 
become incandescent. Nevertheless, there are many <' 
stances in which they appear t« differ. 

A thin plate of transparent glass interposed between the faoft' 
and a blazing fire intercepts no sensible portion of the light, bat 
laost sensibly diminishes the h«at. Light and heat are thereforft 
not intercepted alike by the same substances. Heat is also com- 
bined in different degrees with the different rays of the solaK 
spectrum. A very remarkable discovery on this subject wit 
made by Sir Wiltiam Uerscbel, which would seem to establish thft 
independence of the heating and illuminating effects of the aai»t 
rays. Having placed thermometers In the several prismatic coloim 
of the solar spectrum, he found the beating power of the rt^ 
gradually increased from the violet (where it was least) to tb( 
extreme red, and that the maximum temperature existed bod 
distance beyond the red, out of the visible part of the spectrum/ 
The experiment was soon after repeated with great core by 
Berard, who confirmed Herschel's conclusions relative to the aog* 
mentation of the calorific power from the violet to the red, and 
even beyond the spectrum. This discovery of the inequality of 
the heating power of the different rays led to the inquiry whether 
the chemical action produced by light upon cert^n bodies wu; 
merely the efi*ect of the heat accompanying it, or owing t 
other cause. By a series of delicate experiments, Berard found 
that this action is not only independent of the heating power, b 
follows entirely a different law ; its intensity being greater in I 
violet ray, where the heating power is the least, and least in t 
red ray, where the heating pcwer is the greatest. We are tb 
led to the conclusion that the solar rays possess at least threq 
distinct powers — those of heating, illuminating, and eS'ectSag 
chemioal combinations and decompositions ; and these powi 
distributed among the different refrangible rays in such a n 
as to show their complete independence of each other. 
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XNTXRnsmEHCB AND INFLECTION. 

Iir til cases where systems of undulation are propagated along the 
flu&ce of a fluid or through an elastic medium, phenomena are 
produced by the intersection of systems of waves, by which, at 
certain poimts, the undulations obliterate each other. 

Such effects are called interferencet, one system of waves being 
nid to interfere with another when such reciprocal obliterations 
tike place. 

An instructive class of interesting optical phenomena are ex- 
plained upon this principle. 

228. Ti naiiiiri mMpmkmmntmm — In order to exhibit the pheno- 
mena of the interference of light in such a manner as to develop 
the laws which govern it, and to supply numerical estimates of the 
dita and constants of the undulatory theory, it is necessary to 
contrive means by which two pencils of light, whether homogeneous 
or compound, of the same intensity, shall intersect each other at a 
?ery oblique angle and at a considerable distance from their foci. 
Fresnel, to whose experimental researches in this department of 
I^ysics science is largely indebted, accomplished this object by 
reflection and refraction in the following manner. 
Let MC, ufc^fig, 142., be two plane reflectors inclined to each 

other at a very obtuse angle. Let 
F be a focus of light produced by 
transmitting the light through a con- 
verging lens of short focus, or by 
reflecting it from a concave specu- 
lum. The rays diverging from r are 
received upon the two plane re- 
flectors M c and m' c. An image of 
F will be formed by the reflector 
M c at p just as for behind the plane 
of M c as F is before it ; and, in like 
manner, another image of f will be 
produced by the reflector m' c at p' 
just as far behind the plane of m' c 
as F is before it. It follows, there- 
fore, that those rays which proceed 
^' '^ from F, and are incident upon m c» 

rill, after reflection, diverge as if they had originally proceeded 
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from p, and those ra;a wbicli are incident upon m' c will, af)«^ 
reflection, diverge as if they hod originally proceeded from r 
Therefore the pencils after reflection will be optically equivalent J 
to two pencils radiating liona r and r'. Thus we shall have a ■ 
single pencil radiating from the poiot r converted into two pencSfrl 
^: • inleraecting each other at avery oblJqne'B 

( angle, and proceeding from the dislaitf J 
foci P and e'. [ 

Let A B c, jff'. 143., be aprism, with 
a very obtuse angle at b, and let r ~ 
a rndiant point produced as before hy 
a converging lena or concave reflector. 
The rays diverging from f, and inc 
dent on the surface a b, will be t 
fraet«d aa if they proceeded from y; 1 
and, in like miuincr, the rays proceed* 
ing from P and incident upon » c 1 "" 
be refracted as if they proceeded 6 
r", Thus we shall have two peni 
as before, the rays of which will inter- 
sect each other obliquely at the points i, these pencils consisting 
of light of the same quality and intensity. 

229, Interftrenoe of hamogreneoiu Ugbt. — If two pi 
of homc^neoua light thus obtained be made to diverge from two ' 
points T and ^-^fg- 14+1 and if the rays of these pencils interHct 
at very oblique angles below the line a d, which is drawn paralld 
to the line f f", which joins the foci of the two pencils, the follow- 
ing effects will ensue : — 

If a line c o be drawn from the middle point of f f' perpendi* 
cular to it, every point on this line o a will be illuminated ; in &c^ 
^ ^ 1^ on illuminated line will be formed 

from to o, as indicated by the 
dotted line iu the figure. On ei' 
ther side of this illumin&ted line 
o will be found a dark curved. 
line 1 1 and 1' 1', so that itij 
object held in either of t" 
lines would he deprived of li^t> 
Outside these two dark curved 
lines will be found two other 
curved lines, z z and z' z', whi<& 
will be lines of light, so that anjr 
object held at any point of either, 
of them will be illuminated. Bfl> 
yond these again will be fonnd tw( 
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Dtlier dark curved lines, 3 3 and 3' 3', 90 tLat any object held in 
tbeiu will be in shadow or darknesa ; bejond these again will bo 
two curved lines of light, as before, 4.+ and 4' 4', so that anj 
object held in either of these irill b« illuminated. Thus there sue- 
ceed eacb other a series of curved Lines of light and darkness, the 
l%ht lines having the colour and qualities of the light of the tno 
pencils- The series of the illumiuuted curves of light and dark- 
nen at each side of the ccuCral line a o are Eymmetrically ar- 
ranged, those on the one side liaving eorresponding forms, positions, 
■nd distances to those on the other side. 

!3 formed by these light and dark lines are those known 
in geometry as the species of conic section called the hyperbola, 
the paints r and f' being their common foci. Now, it is a well 
known property of this curve that the difference between the dis- 
a of every point in it from the two foci is the same. Thus, if 
line* be drawn from f and r' to any point in any one of thesa 
curves, their difference will be the same as that of lines drawn 
fnnu r and f' to any other point in the same curve. Thus, for 
example, if f and r be two points upon the curve 4.4, then the 
differences between the distances of e and p from f and p' will be 
equal ; and, in like manner, if p' and p' be two points on the 
carre 4,' 4.', the differences between their distances from r and r" 
will be equal. 

It will presently be seen that this property gives rise to im- 
portant consequences. 

If an opaque screen be interposed between the line a b and 
Uther of the foci, f' for example, all these curves of bright and 
dark lines vanish, and a uniform illumination will be produced 
Aroogbont the space below the line a d. This illuminatiun, how- 
will be tbund to have only half the intensity of the bright 
onrves which were previously formed. 

Hvr, since by the interposition of the screen no light lias been 
diSlued below the line a u which was not there before, but, on the 
contrary, all the light proceeding from the focus p', which was 
there before, is now excluded, it follows that the effect of the rays 
lAieh, proceeding from the focus r', intersect thuae proceeding 
1 Ae focus f. is to deprive the spaces marked by the dark 
res I li } 3, I' 1', and 3' 3' of light, and to increase in a Iwo- 
fbU proportion the light in the spaces marked 00, 2 2, 4 4, z' 2', 
■nd4.'4'. 

Hius it appears that at the intersections of the rays proceeding 
ftom r, whicb take place upon the dark curves, the one light ex- 
tinguiaheB the other; and that ut the intersections which take 
place tipon the bright curves, the li-;hts add their mutual inten- 
1 an ioXeuiitj i« uroduced equal lo theii si 
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tbej are equal to each oilier, Oiis intensitj is double the inten^tjF 
of either. 

N^ow it will be evident, by reference to what has been e 
blished relating to undulations', that this fact ia merely a con- 
sequence of the interference of the wavea of light. The foe' 
and r' maj be considered as the centres round which t 
systems of luminous undulations are propagated. Theae s 
terns, encountering each other, intersect below the line A b. 
those points where the waves meet under correajKindiag phii 
that is to say, where the crest of one wave coincides with the cr 
of another, or the depreesion of one with the depression of another), 
they produce waves of double the height or double the depreasiolf 
of either. But at those points where tbej meet under contoai^ 
phaaea, that is, where the crest of one wave coincides with th« 
depression of the other, or vice versa, then the waves oblitemto 
each other, and no undulation takes place at such point. In th4 
former case, the light at the point of ioterscctiun has double thS 
intensity which it would have if the light from one focus alont 
was received ; in the other case, the lights extinguish each otbei^ 
and there is darkness. 

Now it will be easy to show that the bright curves indicated 
by the dotted lines in the flgure correspond to points where ths 
systems of waves intersect under the first condition above men* 
tioned, and that the dark curves correspond to those points whers- 
they intersect under the second condition. 

The middle line o o, which is a line of light, is at all its pointl 
equally distant from r and f". Thus two lines ro and f'o drawn 
from the focus to the same point in it are always equal; conee* 
quently the undnlatlons which meet at any point such as o on tfaa | 
line, must necessarily meet under similar phases ; for unce tin 
waves are of equal lengths, and since the distance fo is equal to 
the distance f' o, the same number of waves and parts of a wavn 
must occupy the two distancea, and consequently the wares must 
arrive at o under corresponding phases. 

The distance of any point of the Qrst dark cur 
focus F* exceeds its distance from the focus f by half an uuduls* 
tion. If, therefore, the crest of a wave proceeding from i' arrive 
at any point on this curve, the depression of a wave proceeding. J 
fromrmust arrive at the same point at the same time; and the sa 
will be true of all points in the dark curve 1 1 . ~' 
vation will also be applicable to the curve I' 1', only that in 
case the distance of any point from r exceeds its distance froi 
by half an undulation. Thus it appears that the waves propagate) 

* 8m TmMIm on " Somul," HaaA Book. 
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from the centres f and t' always intersect on the dark curvea 1 1 
and I' 1' under cootrarj phases, and consequently obliterate each 
other's efTects, and produce darkness. 

The distance uf any point in the bright ciirye z z from r' exceeds 
the distance of the same point from r bj the lengtii of a complete 
uodulation ; consequently, if the crest of a wave proceeding tVom r 
arrive at any point in such line, the crest of the preceding wave 
proceeding A«m p must arrive at it at the same time; and the 
■une will be true for every point, ao that throughout this bright 
line X 2 the intersecting waves increase each other's effect. The 
same will be true of the line 2' z'. Henoe the illumination pTn* 
duced along these two bright curves will be equal to the suin of the 
tUnnimations proceeding from the two foci. 

Ib the same manner, it appears that the distance of any point 
on tiie dark curve 3 3 trom f' exceeds the distance of the same 
point from r by the length of an undulation and a half, and the 
MSie consequences as in the case of the lirst curve follow ; so that 
Ae waves intersecting on the dark curves 3 3 and 3' 3', meet 
wulei opposite phases, and obliterate each other. 

It is evident, therefore, that the several hyperbolic curves 
fiiniied by the successive light and dark lines on either side of the 
central i»{ght line o derive their character from the multiple of 
onljr half a wave's length, which e^tpresses the difference between 
Uie dbtance of their successive points from the two centres of un- 
dulation F and f", which are the common foci of all the curves { 
and this multiple is in such case the length of the transverse axb 
of tLe hyperbola, of which the point c is the centre. 

The spaces intervening between the bright and dark curves 
GCHTeipond to points where waves intersect under phases which 
KTe neither perfectly coincident nor perfectly opposite, and where 
consequently they only partially efface each other. Hence the 
light gradually diminishes in these spaces between the bright and 
tho dark curves. The difference between the distances of these 
intermediate points from the foci r and r' exceeds a complete 
number of half undulations by a quantity which is less than half an 
undulation. 

130, Sntorrerence aseotea Iir TeftviwititUtr. — In what has 
been here staled, it haa been assuineil that the tight proceeding 
ftotn the points r and f' is homogeneous light. Now there are, as 
baa be«n shown, various species of homogeneous light, difTeriug from 
<aeh other in refrangibility and colour ; and it is necessary to explain 
In what respects each variety of refrangibility and colour affects 
(&e phenomena of the bright and dark curves just expluned. We 
accordingly, that by causing pencils of homt^eneous light of 
culoun and refirmpbilitUs to iatenect as above described. 
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the bright and dark curves formed bj tbeir interference ret^n t^ 
character of the hyperbola, but that while tbeir general diapomliOB 
on either side of tbe central line o o is tbe same, they are at diflerent 
lEstttnces from each other ; that is to say, the distance of the fi 
bright curve z 2 from the central line o, as well aa tbe diatanq 
of any two corresponding curves from each other, are difii^rent fo 
different species of homogeneous llgbt. In general, the more r( 
frangible tbe light is, tbe nearer are the bright curves to each othen 
Thus the distance between one bright curve and another for violei 
or blue colour is less than tbe distance between tbe correspondii^ 
bright lines for red or orange colour. 

231. TTDdnlatloiia oompncea itrom InMrference. — Bj a 

exact measurement of tbe dark and bright hyperbolic curves pro 

duced by eacb species of homogeneous light, aided by their knows 
geometrical [iroperties, I'reanel was enabled to deduce the length! 
of the undulations of the ether which correspond to eacb species a( 
homogeneous light. Tbe follaving are the results of his observii 
tiona and caloulationa : — 
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Z32. loMrference of compound Uglit. — Since the distance^ 
between tbe bright and dark curves are different for each 
of homogeneous light, it fullons that if the light whicb 
Irom. r and f' be white solar light which is composed of all 
colours of the spectrum, we shall have all the systei 
and dark curves which would be separately produced by each 
the component parts of tbe solar lights superposi^d, and a mixtura 
of colours will consequently ensue which will product 
fringes, the colours of which will be determined by the 
tints which wUl be thus mingled together. 

A complelfl analysia of the combination of the colours whicb wouU 
produce these frbges in the case of solar light would be extremdf 
AUopJioated. Smoa idsis h^nev er, ms^ b^ Mmed of tba 
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in whii-li ilii' ci-,iiiliin:irinri oi" i„|,niri is produced from jSg-, 145,, 

P_ - . . "1 which the relative 

, , I 11 I I I I I -I 'I breadths and dtstancea 

■ >- ! I I I I I M [[W ol" Ihe liglil and dark 

■■ ■-■■-|--'- 1-- T l-'i'*|q i-iirves prcidiicd by 

i'^J J J J J J J J JlI J H 0'' 'i"K a^W'pi^'senrd. 

Ili- I'bf! series of red fringes 

j.^, with their alternate 

linrk spaces are repre- 
sented by R B, the series of green stripea are rupreaented by 
a a, and that of violet stripes bj v v. If these be coDsidered, 
instead of bdnj; plaeeil, as in the figure, one above the other, 
hi be superposed, the effects whiclj would be produced by a line 
proceeding from the two foci r and f' composed of these three 
«olours may be inferred. 

233. Znflflotlon or dinraetioa. — If the rays of light diverging 
from a focus r (^Jig. 146,), be incident upon an opaque object a b, 
all ihaae rays of the pencil which are 
included within the angle a r b will 
be intercepted, bo that a screen held 
at c D will receive none of those rays. 
If the lines r A and r b be con- 
tinueii to a' and b', they will include 
upon the screen ihnae spaces which 
would have been illuminated by the 
rays proceeding from r, which are 
intercepted by the opaque body a a. 
All the rays of the pencil included in 
the angles a f c and b f i> will pro- 
ceed HUinterruptedly, and wilt fall upon the screen, If these rays 
underwent no change of direction, they would illuminate those 
portions of the screen included between c and a' and d and b'. 
There would thus be an exact and well-defined shadow of the 
object A B formed upon the screen at a' n', and the reuuiinder of 
Uui screen would be illuminated in the same manner as it would 
btve been if the opaque body a b had not lieen present. 

It is found, however, by experimeiit, that no such eKact and 
WeU-de6ned shadow of the opaque object would be formed upon 
ihe screen. The outline of the space which would limit an exact 
- sod geometrical shadow of a b being determined, it is found that 
%idiin this space light will enter, and that outside this apace the 
UlumlDttion is not the same as it would have been if the object a b 
lud not been interjiused. 
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From this it is inferred that the raya of %ht which pass tl 
edges of the opaque object ilo not proceed in the same straight 
lines A a' and b b', in which they would have proceeded if tliA 
opaque object was not preeent. In a word, the appearance of thp 
edge of the shadow is not a. well-defined line separating the illuim« 
nated from the dark part of the sereeii, but a line of gradually 
decreasing brilliancy from the illaminated part o" 
that in which the shadow becomes decided. 

This effect produced by the edges of an opaque body upon thl 
light passing in contact with them, by which the rays are bent oat 
of their course, either inwarda or outwards, is called inflection or 
diffraction. 

This phenomenon is a consequence of the general property of 
undulation.* When the system of waves propagated romicl 
F as H centre encounters the obstacles a b, subsidiary system 
of undulation will be formed round a and b respectively ■ 
centres, and will be propagated from those points indepen- 
dently of luid simultaneously with the original system of wtvei 
whose centre is r, and which will also proceed lowarda c a' ai * 
]„ D b'. In a, certain space round the lines A a' and b i 

along which the rays graiing the edge of the opaqiH 
body would haye proceeded, the two syalems of unda^ 
lation will intersect each oilier and produce the phc 
aena of interference. 

:34. CamblBed elfeota of InfleottoD uid I 
moe. — If the opaque body a b be very small, sod 
the distance of the focus F from it be considerably 
the two pencils formed by inflection, of which a an' 
B are the foci, will intersect each other as repreaente 
in flg. 147., and in this case all tlie phenomena'c 
interference already described will ensue. Thus, if A 
light be homogeneous, a bright line of light v^ li 
formed under the uenlre of the opaque object i 
lutside which will be dark lines, and then bright •! 
< dark lines alternately. If the arrangement oftbea 
lines be examined, they will be found to be hjpep< 
- --- bolic, as exhibited 'n^g. 144., and to vary in their n' ' 
tive distance with the quality of the light which radiates fi 
the focus T. If the light radiating from such focus be eompound 
solar light, then a aeries of coloured fringes will be formed, 1 
already explained. 

2^;. BKompIea of the •Santa of luflaetlsB and Intel 
-The variety of optical phenomena produced by light 
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ptuong the edges of Bmall opaque objects, or small openingB made 
in opaque plates, is infinite. The principles, however, on which 
all tliese appearances are explained, are the same. 

Tbe Jbllo»iDg experiments form examples of the variety of which 
these pheDomena are ausceptihie : — 

I. If Si small sphere formed of any opaque substance be sus- 
pended in a dark room, and a pencil of homogeneous light be 
allowed to tail upon it, m that its sbadon may be received upon a. 
screen, it will be found that a bright spot will appear in the middle 
of tbe shadow, outside which will be a dark circle, beyond which 
Uiere will be a bright cirole, and beyond that a dork circle, and so 
on ; tbe circles corresponding successively to the interference of 
■he rays, by which their brilliancy is either doubled or extinguished, 
and the colour of (he bright circles corresponding to that of the 
light. 

If the light which falls on the sphere in this case be compound 
(olar light, the central spot on the screen will be white, and will 
be Burtounded by a series of coloured triages, produced by the 
superposition of the coloured rings which would be produced 
•eparstely by each compound of tlie sohir light. 

H. If a fine wire or sewing-needle be held close to one eye, the 
other eye being closed, and be looked at so as to be projected 
upon the light of a window, or a wMte screen, several needles will 

III. If the eye be directed in s dark room to a narrow slit in 
tfae window- shutter by whicli light is admitted, several slits will 
be seen separated by dark bands. 

IV. If a piece of card, having a narrow incision made in it, be 
held between the eye and a candle, a series of slits will be seen 
parallel to each other, exhibiting the colours of the spectrum. The 
NUne appearance may be produced with increased eSect by looking 
tlmogh the slit at ihe sun light admitted through an opening in 
tlie window -shu Iter. 

2^6. This tnuuparent plates. — It has been already shown 
that when light parses from any transparent medium to another of 
difierent density, a part of it Is reflected from their common sur- 
Acei and a part only transmitted. Thus, when light passing 
through air is incident upon the surface of glass, a certain part of 
it u reflected from such surface, but the greater part enters it. 
When that portion which penetrat<±s the glass arrives at the second 
■ur&cc, which separates the glass from tlie air, on the other side a 
like efleet ensues, a portion of the light is reflected from the second 
■arfitce, the greater part, however, penetrating it, and passing into 
iha air. There are, therefore, two syalemt of reflected rays, one 
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reflected from the first surfaoe of the glass, Bud the other hy tli 
fiei^oDd surlkce. 

The first system of reflected rajs ia thrown buck tmmediatel/ ■ 
into the air ; the eecond system is thrown back it ~ _' 
must pass through the firat surface of the glusE before it rt 

K the two surfaces which thus successively reflect a. porticn 
the light which passes through the transparent medium be verf J 
close together, and if they be not precisely parallel, the reflected 1 
rays will intersect each other, and produce the phen 
interference. 

Z37, Xrldescenoe of flab-ioKle*, ■oap-bn'bbleB, mother-ot- 
pearl, reatheri, ttc, — ^IIetic« arise the curiuus and beautiful 
appearances of iridescence which are observable whenever ti 
parent substances are exhibited in sufficiently thin plates 
laminae, the prismatic colours observable in the scales of fishes, ift 
spirit of wine spread in thin films on ilark surfaces, in oil thinlj: 
diffufled over the surface of water, and the thin laminie ofurystM 
and soap-bubbles, and bubbles of glass blown to e.Ttreme tenaitj^ 
in the laininoB of mother -ol'-peal, and in the winj 
feathers of birds. 



238. TruiBpareiit media reaolTed tnto two elaaaea. — Gl^Ana- 

parent substances consist of two clasaea, which present optical 
phenomena depending on certain physical properties inheren 
the constitution of each class of media respectively. The pht 
menu, both optical and physical, suggest in the first class the e 
position that they consist of molecules which are uniform in 
form and reciprocal eSects, so that the forces which they exe 
one upon the other are the same in every direction. To this olaai 
belong every species of aeriform fluid, all lic[uids, and certain. 
transjiarent solids, such as gloss, when property annealed. 

Z39. BloEle relMotlDr milla. — In all these substances 
constituent molecules appear to be so arranged, that we nagbt 
conceive them to be spherules of matter, from the centres of whiclk 
farces emanate which, lire et;^ual in every direction. 
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540. Wabla re&scttiv meJia. — The second eluas of sub- 
stances, which inclmip? cryBtalliaed minerals, genewJlj exhibit* 
phenoinena which leud '0 the supposition that their coostituent 
molecules are not spherules, or, at least, that they do not esercise 
like forces in all directions round their centres. The pheno- 
tnenon of crystallisation, already cxplaiDcd*, itself suggests this 
sappOBicion ; for when a substaoce passes from the liquid to the 
solid state, and undergoes the process of crystBitisation, the par- 
ticles affect a particular arrangemeaC with reference to one 
another, so as to present themselves towards each other in certain 
directions, aa if they had sides which mutuaUy attracted or repelled 
eaoh other. 

. ITiuirjrMaUlaeil taedliua. — To render more clearly 
intelligible the efTects produced by cryalallised substances on light 
transmitted through them, we shoU first briery recapitulate the 
eSueta produced on rays of light by an ordinary transparent un- 
orjrilalliied medium, such as air, water, or glass. 

Let us suppose such a substance reduced to the form of a 
qihere, which, if it be gas or liquid, may be done by enclosing it in 
ft thin globe of gloss; and if it be n solid, it may be reduced tutbe 
'1 the lathe. Let e s as, Jig. 148., represent a 
section of this transparent 
sphere, and e f it o another 
section at right angles to it. 

Let ZH and in represent 
two rays of huinr^eneous light 
incidenC at n, one in a direc' 
tion which, bi3Dg continued, 
would pass through the centre 
c of the sphere, and the other, 
I N, in a direction oblique to 
tlie former. 

If the sphere be composed 
of DOQ-crystoltised transparent 
matter, the ray zn will pass 
Ihnmgh it, pursuing the ori- 
ginal direction; and conse- 
quently, alter passing the 
centre c, will emerge from the 
lowest point s in the direction 
s T, so that its course shall be 
in no viae changed by the 
tra[ispareot medium through 

teclmiiici " (6o>. 
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which it has passed ; bat the ra; i n, which foils obliqoel; at tl 
point N, will, according to the law of ri>fraGlioii already explains 
be deflected from its course townrds the diameter N c B, and wilL 
follow a directio[i such as n b, which makee an angle with H 8, It 
than that which in makes with Kx. 

The laws which govern in this case the refracted ray are 
follows : — 

I. IT the incident my be perpendicular to the surface at t! 
point of incidence, its direction will not be changed in passing- 
through the transparent media m. 

II. If the incident ray form an angle, auch a^ i n x, with the per- 
pendicular N z at the point of incidence, then the refracted ray k b 
win form an angle with the same perpendicular NZ, or with iti 
production h b, the plane of which will coincide with the plane ot 
the angle of incidence z n i. 

III. If the angle of incidence i n 2 be varied, the angle of retraC' 
tion ass will be also varied, but in nuch a manner that the ratio 
uf the eine of the angle of incidence i N z to that of the angle of 
refraction a n s shall always be the same, ao long as the transparent 
medium into which the ray paasea ia the sami 

IT. If while the incident rays zn and i d preserve their pod^oai' 
the sphere be turned round its centre c, ao as to bring succesaivelyi 
every part of its surface to coincide with the point of incidence n^' 
the refracted ray n r will atill maintain the same direction anft 
puaition, and the ray z n will still pasa through the centre of thfl 
sphere c, no matter what position may be given to the sphere, k 
long as the position of its centre c remain unchanged. 

Thus the direction and positiou of the incident raya ih sndxs, 
and of the refracted rays n a and n s, will remdn fitted, althtragl^ 
the transparent sphere which they penetrate may be changed ii^ 
an infinite variety of waya, so as to bring all its piiinls in 
sion to coincide with the point of incidence N of the rays. 

Such are the phenomena which are produced when the rays tK 
and z N are incident upon a sphere composed of uncryatallisM 
transparent substance. The same phenomena will always prevai 
in the case even of certain crystallised substances ; but in the oh 
of other crystallised media, different and for more complicate! 
phenomena are developed, which we shall now proceed to explaii^ 

24Z. CrrataUlsed medltu — Let a sphere be formed of one of 
the class of crystals of which Iceland spar or the crystallised car^ 
bonate of lime ia a specimen, and let this sphere be submitted U 
the aame experiments as have been described in the former cue 
When the rays in and zs. Jig. 149., {)enotrate the sphere at i^ 
they will each of them be resolved into two raya, one of whtcbf 
in the Sgure, b indicated by the unifurm line, and the other b* 
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the dolled line. The myt in- 
dieaud bj tLe uniform lines 
Ns andNH, will conform to the 
laws of refraction which prevail 
in uncrystalliaed media; tbatis 
to say, the raj Kg will paaa 
through the centre of the 
sphere c, preserving the direc- 
tion of the incident raj x n, 
which strikes the surface of the 
sphere at n in a perpendicular 
direction, and the ray nk will 
be in the plane of the angle of 
incidence inz. Also, if the 
ray i n be made to fall at n, ao 
03 to form, any other angle of 
incidence, the ray n b will vary 
its inclination to the perpen- 
dicular KS, in conformity with 
tho law of refraction, which 
establiaheB a congtant ratio be< 
of incidence and refraction. 



tween the sines of the angli 

But none of these clmracters are found to attend the other rays 
sa' and hk' into which the original incident rays are resolved by 
tlie crystal. The ray ns', although proceeding from the ray in, 
which IB incident perpendicularly at the point x, does not pene- 
tnte the medium in the same direction, but makes a certun angle 
■"va with the perpendicular. Thus, in the cose of this ray there 
Biigla of refraction corresponding to perpendicular 
In the case of the ray n a' it is found that it deviates 
Ml liie one side or the other of the plane of Ibe angle of incidence 
IMK, and thus this ray violates that general law of common re- 
tVaction which declares that the piano of the angle of relrnclion 
ooincidei with the plane of the angle of incidence. 

If tiie angle formed by the incident ray in with the perpendi* 
onUr za be varied, the angle which ihc refracted ray nb mokes 
niih the perjiendicular ns will be also varied, but not according 
to the law of sines which prevails in the case of ordinary re- 
fraction. 

143. Tba ordlnarr and vxtT»oraiaary rays, — Thus It 
appears that in such crystallised media the im^ident ray is resolved 
into two rayt, one of whirh cotifortns to the laws of common re- 
fraction, and the other violates them, and is regulated by other 
and dificrent conditions. The twu rays inUi which the incident 
nj u thus Tctolved are called the ifrdiiatry and ixtraitrdinary rays 1 



that irblcb conforms to the laws of common refraction heoDf 
called die ordinary, and that which 'violatea them the extraordtnarg, 

If the sphere be now supposed to be moved, as before, roand', 
its centre c, so as to brmg succeEsively all the points of its surf! 
to coincide with the point of incidence b, it will be found t; 
the ordinary rays bs and nb will preserve their direction a 
position fixed in all positions which the sphere ahall assume; 1: 
that the direction and position of the extraurdintu-y raya n»' aivi. 
Kb' will vary with every change of position of the sphere. Tbef 
will sometimes approach to, and aometimea recede from, the ordi* 
nary raya ; and they will sometimes deviate on one side, and some 
times on the other, of the plane of the angle of incidence; but L 
all cases there will be a maximum deviation from the ordinary 
ray, which will not be exceeded. 

244, AzU i>r donble Tcfractton. — By varying the position d 
the sphere so as to bring the various points of its surface to coin- 
eide with the pomt of incidence n, a point will be found upon % 
at which the extraordinary ray n s' will coincide with the ordinary 
ra; HB. As this point appmaches the point k, the angle b'mi 
under the ordinary and extraordinary raj will be observed com 
tinuslly to diminish; an effect which will indicate the change fll^ 
position necessary to bring the desired point to coincide with thl 
point of incidence n. ' 

This point of the sphere then posscsaea a distinctive charactaq 
in virtue of which the incident ray K>is not, as at all other poinbk 
resolved into two rays, but passca through the sphere in •'-^^ 
direction ifcs, exactly as it would pass trough a sphere o 
posed of an uncryatallised substance. 

The diameter of the sphere which possesses this property it 
called ita optical axis, or the Jixis of dotible refraction, being th» 
only line in the sphere along which a ray uf ordinary light cm | 
pass without bein<; decomposed into two. J 

245. Xaw* of doable rBfraotlon. — Having thus determined J 
this optical axia of the sphere, let 11s next examine the condition!,'! 
which aflect a ray of tight, such as in, which falls obliquely at th^l 
extremity of such optical axis. •■ 

Let sci,Jlg. 150., be the optical axis of the sphere. The nfm 
ZN will then, as has just been explained, pasa thi-ough the cents* 1 
c to the point s, without double refraction, as it would throng J 
, an ordinary medium. The ray m, which fulls obliquely U Xt.J 
will, however, be doubly refracted, and will be resolved intoB 
the ordinary ray nh, and the extraordinary ray hb'. But thitl 
extraordinary ray KB' will, in this case, conform to one of thelawu 
of.ortiinary refraL'tioii, fur it will invaiiablf lie in iha jilaBft.dn 
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tbe iLDgle of incidence i n z ; 
and 90 long aa tbe angle of in- 
cidence shttU not be varied, 
the direo:tion of this extraordi- 
imrj' ray will remain the same. 
This may be proved by causing 
the sphere to revoive round 
the axis Ns. While it so re- 
volves, the extraordinnrj ray 
nb' will remain fixed In its di- 
rection, being always in tlie 
plane of the angle of incidence, 
and forming always the same 
angle of refraction with the 

If the incident ray in be 
varied in its inclination, bo as 
to form, as before, a greater 
angle with zn, the extraordi- 
nary ray N a' will also vary ita 
IncUnation to the axis hb and to the ordinary ray NR. But, al- 
tliotlgh it will remain during such variation always in the plane 
of the angle of incidence, it will not cooform to the invariable 
ratio of sines which eonslitutes the law of ordinary refraction, 

If we suppose the incident ra^ in gradiialty to approach zs 
M that the angle of incidcQce continually diminishes, then the two 
nj» NB and nr' will at the same time approach the axis nb and 
MCh otherj and when the incident ray coincides with zn, the 
' ordtiury and extraordinary raya n a and !< a' wit) coalesce with tbe 
axis as. 

i the other hand, the inclination of the ray in to zn is 
gradiuklty increased, the ordinary and extraordinary rays nk and 
»*' will also gradually recede from the axis ss, so that their 
■ogles of re&actian will continually increase, and they will also 
recede from each other. 

Z46. VoalUre and neffMlTe ofrn^l*- — T° the case repre- 
■ented in the figure, the ati;;le of retraction of the extraordinary 
r»y kb' is greater than that of the orUiuary ray nb, so that the 
iMIer is more deflected by the rclraction of the crystal tbim die 
G>niier. This, however, is not always ihe case. 

la soma crystals the angle of refraction of the extraordinary 
nj if more than that of the ordinary ray, and, consequently, the 
fbruer is less deflected towards the perpeiidiculor than the latter. 
Ctyatals are accordingly resolved into two classes, based upon this 
dittiaction ; those in which tbe extraordinary ray is less deflected 
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than tbe ordmarj rsf being called negative cryttaU, and tliose i^ 
which it is more deflected positive cryatala. It \i evident thilt ifi 
till- former case tlie index of ordinary refraction ie greater, and IB 
tbe latter less, than the index of extraordinarj refraction. ■ 

It must be observed that while tbe incident raj varies its oblh 
quity to zh, increasing gradually from o to 90°, and while thi 
index of ordinary refraction throughout this variation remain 
canatant, the index of extraordinary refraction varies with ever] 
change of obliquity. In the case of positive crystals this indi 
increaaes, in the case of negative crystals it diminishes, with tl 
angle of incidence ; while in all it is equal Co the index of ordia 
nary refraction when the ray of IN coincides with %v. It increaw* 
and becomes a maximum whea i n is at right angles to z n in poM* 
tive crystals ; it diminishes and becomes a minimum when 11 
right angles to z n in negadve crystals- 
It is easy to show that all lines passing through the crysU] 
which are parallel to the line vn possess also tbe property whiok 
characterises such axisj that is to say, a ray which in incide 
perpendicularly in tbe direction of such lines will penetrate tba 
crystal without double refraction. Thia we may prove by cuttJOf 
a portion of ibe crystal in a direction perpendicular to tbe line 9 
Thus, at the point p, let a surface pp' be formed, which she 
he perpendicular to nb. Then a ray ui, falling perpendicukrlji 
on such surface pp' will penetrate the crystal in the direction nn'' 
without double refraction. 

IZ47. Axis of double reftmcUon oolnoldu wttb oi7BtBU»- 
BropUc axis. — Thus it appears that the lines passing tbroudc 
the crystal parallel to is s are axes of double refraction Hi 
the line n b. On comparing the direction of the line us 
direction of the planes of cleavage of the crystal, it in found thW 
this line has a direction which is symmetrical with respect to iK 
I these planes, and that it is in fact the direction of tbe cryttalliH 

graphic axis , that is to say, a line the direction of which bi 

Lthe same relation to all the faces of the crystal. 
248. loeland ipar. — ThnK 
^^M^^H^^^^^^^^^^H in the case of Iceland spar, th» 
^^^^^^^^^^^^^^^^H primitive form whose molo' 
^^K^^ "^"^C^^^^^B tulKa is that of such a rhomlNHd' 
^ — ^^^^^SH^B as is represented in J^. Ij I., the 
^V tP^^^^ crystal lographic axis is the dia- 

^^^^^^^.^ jC^^^H gonal ab joining tbe obtuse ai 
^^■^^^Mi^^^^ gles the rhomb. The rhomb 
itself is a solid bounded by lu 
Vig, ,j,, equal and similar parallelograms, 

whose obtuse angles gbe and 
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1° 55', and whose acute angles bee and bgc are 
RccordingI)' each 78° 5'. 

The incIinatioQ of the facea of the rhomb, which meet at qc, to 
encli other is io;° 5', conaequently the inclination of those which 
meetatye is 74° 55'. The crjstallographic axis ab is equally 
inclined, not onlj to the three faces of the rhomb, which meet at 
o and 6 respectivelj, but b!bo to iti three edges. The angles 
which this axis makes with the three edges of the riiomb fumiing 
the angle a are equal to each other, their common magnitude bebg 
60° 44' 46". 

It is evident from this measurement, that the line ab'n sym- 
metrically placed with respect to all the elements which determine 
the primitiTe form of the crjstnl, and we thus find aocnnlingly a 
distinct relation established, between the optical and miDcralogical 
oharAClcra of this substance, m that whenever the direction of its 
cr^tallographic axis \i required to be ascertained, it can be done 
witbout anj mechanical experiment or measurement, bj merely 
determining that direction in which a ray of light incident per- 
pendicularly on a surface of the crystal will pass through it with- 
out double refraction. What has beett here stated with regard 
to Iceland spar will, nudaiis mtUandU, be applicable to a numerous 
dssi of crfstallised substances, which are distinguished bj the 
denomination of crystals having a single axis of double refraction. 
In all such crystals the crystaliographic axis coincides with the 

149. Vnl-ttxlBl oiystals. — In attempting to explain the com- 
plicated phenomena of double refraction and other efTecta related 
to Uiem, much convenience and clearness will be obtained by the 
adulation of a nomenclature indicating the position of the axis 
of double refraclioD in certain sections of the crystal anali^us to 
the well-known circles used in geography and astronomy for ex- 
pressing the relative position of p^nts on the earth and in the 
heavens. Wethall therefore call the extremities of the axis n and 
s ike poUt of the crystal, and aacctirai of the crystal EPtts inter- 
secting this axis at right angles the eqaalor. We shall also call 
all sectjona of the crystal made by the planes passing through the 
axil meridunu. 

These terms being unilerstooU, it will follow that whenever 
the plane of the angle of incidence coincides with the plane of 
a meridian, the angles of refraction, both of the extraordinary 
and ordinary rays, will be in the plane of the same meridian ; 
bnt the ra^o of the sine of the angle of incidence to the sine of 
(he angle of extraordinary refraction will not in this case be 



^^ If the plane of the angle of incidence intersect the crystal al 
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right angles to the optical sxia «a, and be consequently pKralk 
to the line coincident wltii the plane of the equator, the sjigle ( 
extraordinary refraction will have its plane coincident with tlu 
of the angle of incideDce, thus fulfilling one of the lawg of ordiiur 
refraction, as ia the case when the plane of tbe angle of ii 
coincides with the plune of the meridian, But in lliig case tt 
second law of refraction, which establishes a constant ratio bll 
tween the sines of the angles of incidence and refraction, i 
also fulfilled bj the extraordinary ray, so that when the angi 
of incidence coincides with, or is parallel to, the plane of & 
equator, tbe extraordinary refraction fulfils all the conditiona ot 
ordinary refraction, although the extraordinary ray does i 
coincide with tiie ordinary ray; the constant index of re&nh, 
tion of the ooe being greater or less than the constant index tt ■ 
refraction of the other, according as the crystal is positive a 
negative. 

There are therefore two syatemfl of planes which intersoe 
crystals, one system having the axis of the crystal as tbeir m 
line of intersection, and tbeotber having directions parallel to ead 
other and perpendicular to this axis. In the former, one of th_ 
laws of ordinary refraction is fulfilled, and in the latter both M 
them. In the former, tbe plane of the angle of extraordimUT n 
fraction coincides with the plane of the angle of incidence, but tin 
ratio of the sines is not constant i in the latter, the planes bIm 
coincide, and the ratio of the sines is constant, but not the 8i 
that of the ordinary ray. 

250. Table of nnl-axiu orraMls. — The foUoning is & table of 
the crystals which have it single axis of double refraction, aoeord* 
ing to Mons. Pouillut, " Elcmens de Physique," toL ii. p. 365. 
1853:- J 
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Besides the above, Sir David Brewster givee the following : - 

CKtwMleiifiinc. Ph'"'k"'"°f [• rf Onlds o( lln. 

^K^iu™ ' Murt^f""lta 

ftinid* of mBTEiirj. MlM wllh ■tnlanlbui. TorloUe-lhell. 

AnnEhlnD or HSApolIte. Hornsrlte^ riscrllB. 

eIbI oryBtals. — There is another class of crystals 
which present optioil pbenomena aclll more complicated. Let U3 
roppose, as before, one of these formed into a sphere, and let its 
IS points, as before, be brought tu coincide with the point of 
incidence n of two rajs, one of whicb, x s, fig. 1 50., \b directed to 
the centre of tiie sphere, and the other i n forming an; angle with 
the latter. Bj bringing the Tirtoua points of the spherical surface 
to OHDcide with the point n, it will be found that two points, and 
two onlj, upon it, possess the property of transmitting the mj 
:«, which falls perpendicularly upon the surface, through the ob- 
Bot, without double refraction. The diiuneters passing through 
bete two points have each of them the character of an axis of 
double refraction ; and the crystals characterised by this pro- 
perty we accordingly called erystals with two uxea of double 
Tcfivction. 

In this class of crystals it is found that neither of the rays into 
wlucb the incident ray is resolved conforms to the laws of ordinary 
refraction ; that both deviate from the plane of the angle of incl' 
>, and that neither of them fulfils the second law, which deter- 
s the constant ratio between the sines of incidence and le- 
btctiOD, Both rays, therefore, are extraordinary rays. 

There are, however, two planes in which the angle of incidence 
OMj be placed, in one of which one of the two rays and in the 
other the other will conform to 
both the laws of ordinary re- 
fraction, DO that in these planes 
one or other of the two extra- 
ordinary rays becomes an or- 
dinary ray. The position of 
these planes is determined by 
the loUnwing conditions: — 

Let n 8 and n' »', J%r. 152-1 
be the two axes of double re- 
fruciLon. Let f p' be a line 
wliich divides into equal parts 
the angle k c n' formed by 
these two angles, and let q 
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be a line which divides into eqanl porta the otber uigle n't 
formed by the same as is. 

If a plane pass through c perpendicular to pc, any ny IDI 
dent upon the crystal in tliat plane will be resolved into two rv 
one of which will conform to the laws of ordinary retraction; ftl 
if a plane be drawn perpendicuiar to the line q q,', any ray 
upon the crystal in that plane will be resolved into two, one 
which will also conform to the laws of ordinary refraction, ui4' 
the ray whiuh thus becomes an ordinary ray in the one plans will; 
be different from that which becomes an ordinary ray in the othel 
plan.. 

252. The following list of crystals having two axes of double 
refraction, with the magnitude of the angle included betweeo such 
axes, is given bj M. Fouillct in the work already cited : 

Table of Crystals irilh tax Axes. 




r.K"" 
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The researches of Sir Davi J Brewster, published in the " Phi' 
losophical Transactions of LonJon iind Edinburgh," have led to tfal 
discovery of various other propertiL-s of doulile and multiple rft 
fracting crystals, which are too compliciiteii for admission into 1 
work BO elementary as the present ; the reader is therefore t» 
ierred to tbe above ooUectioiu, where tbeir details will be found. 
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353. If a viaible object be placed behind 11 double refraccing 
cryatJiI, tbe pencil of rays proceeding from eaeli [joint in it will be 
resolved into two peociU, snd will emerge from the crystal ox if 
they had proceeded tram two difierent objects in directions cor- 
rwponding to the respective direcljons nf the two pencils. 

An eye, therefore, placed before tbe crystal, so as to receive 
thesG emerging pencils, will see two different images of the object, 
OorreBponding to the two systems of pencils. If the crystal be one 
having B. single axis of double refraction, then one of these images 
will be that produced by the pencils consisting of ordinary rays, 
and the other will be that produced by pencils consisting of 
extraordinary rays. 

154. The one is called the ordinary, the other the extraordinary 




Fig. lij. 
Thus, if p, j^. i;}., be sntch an object, and ABCobe a 
double refracting crystal, such as Iceland spar, the pencils which 
pRKKed from p and are incident upon the surfa<:e n c will be 
divided into two systems of pencils, the axis of the ordinary 
mtem passing perpendicularly through the crystal in the direo- 
•■"" ■ " and emerginp on the other side in the same direction, so 
eot the eye at t. The extraordinary pencib will follow 
tile direction i u through the crystal, and wil! emerge parallel to 
ibe ordinary pencil in the direction e t', bo as to reach the eye at 
T*. An eye phtced therefore at any point. In looking towards the 
crjBtali will perceive two images of the point p in juxtaposition in 
Ae direction of the rays 1' b and t o. 

1;;. It is evident that the thicker the crystal is, the mare 
widely separated will be these two images. A crystal of Iceland 
■par three inches thick, will be sufficient to produce a distinct 
Bcpamtton of the two images of a spherical object having a dia- 

eter of one third of an inch. 

ir while the object and the eye remain fixed, the crystal be 
tnrned round the line p t, joining the eye and the object as an 

is, thic extraordinary image will appear to revolve round the 
image, abowing that in this case the extraotdinary pencil 
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IB revolves round the ordinary pencil 10, so ns to more in 
surface of a cone. Tliia effect is in conformitj with what has b 
already explained. 

If, after passing through a crystal a b c i>, Jig. 1 ^4., the rajs be 
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received by another crystal A a'i>'i>, whose sides itnd axes have 
position similar to those of the first, the two crystals being i 
contact at the surface a b, the ordinary and extraordinary rt] 
will pass through the second cTjstal, following the same directio 
as those which they followed iti the first crystal, the lines o o' an 
£b' being the continuation of the lines 10 and 1 is. 

Zj6. Caae In wbloli two mlmllar oryBtala nevtrallMi «M| 
sthBT. — If [he two crystals in thiu case have the e. 
then the effect will he that the rays s' i' and o'l emerging fri 
the second will be separated by a space twice as great as that 
which they were separated in passing through the first crystal. 

If the second crystal, instead of having been placed upon thfl 
first crystal bo that its corres-ponding sides shall have the 
direction, be placed upon it so that they shall have contrary di> 
rectiona, as represented in Jig. 155., then the second crystal wDl 
have the effect of causing the reunion of the two pencils 
by the first crystal, and the ordinary and extraordinary rays will 
accordingly emerge from the same point o of the second crystal in 
the same direction, so that an eye placed at t wil' 
image of the object p. In thb case the ordinary ray follows 
direction p i o o' v, and the eitraordlnary ray follows the 
Thus the separation of the rays takes pla( 
u passing through the crystals, the reunion being established 
the point of the emergeuoe o' from the second crystal. 

2/7. Tonr ImsKea. — If we suppose the second crystal 
t^fr. 154,), t« be turned round the line Fioiae an axis, the dk 
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ment it moves from the position represented in^. 1 54., tbe ordi- 
nary and extraordinary rays i o and i e incident upon it from 
the first crystal will be each doubly refracted so as to be resolved 
into four rays, and thus an eye placed at t would see four images 
of the point p. As the second crystal is gradually turned round, 
these four images assume a series of different positions with rela- 
tion to each other, and also have different degrees of brilliancy. 




AHer the crystal has made half a revolution, and assumed the 
position represented in^^. 155., all these four images unite in one. 
In the position intermediate between these two, that is to say, 
when the second crystal has made a quarter of a revolution round 
the line p i o t, then the four images will be reduced to two, which, 
however, will have a different position relative to the line a d from 
that which the image produced in the position represented in 
fig. 1 54. has. ^ 

258. The successive positions assumed by the four images du* 
ring the half revolution of the second crystal between the position 
represented in^. 154., and that represented in ^. l55-» are 
given in j^, 1 56., where b represents the position of the images 
corresponding to^^. 154., and k to fig. 155.; r represents their 
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Fig. 156. 

position when the second crystal has made one fourth of a revo- 
lution ; c, D, and e, represent tdree successive positions of the 
images in three equally distant stages of the first quarter of a 
revolution ; and o, h, and i represent their respective positions in 
three equally distant stages of the secoqd quarter of a revolution. 

o 3 
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The relative brillianciES of the imagea are indicated by the 

of the (iots, the dark dots being understood to represent greald 

brilliancj than the shadud ones. 

Z59. Axes or bl-axlal CTTBtBla. — In uni-axial crystals tba 
axis has the same position, whatever be the colour of the V^et, 
but in bi-axial crjatals the poaltion of the axes is different for dif- 
ferent coloured lights. Sir John Herschel found that id tartistt 
of potash and soda their inclination for violet light was j6°, and 
for red light 76°. In other crystals, such as nitre, their incli 
tion for violet was greater than fir red, but in all cases the a 
for all coloured light in the same crystal are in the same pit 
Sir David Brewster found that glauberite had two axes for red 
light, inclined at an angle of 50°, and only one for violet light. 
The same eminent philosopher found that in the case of a 
there were several planes along which there was no double 
tion, however various the angle of incidence might be, so tt 
substance might be considered as having an infinite number of 
axes of double refraclion. 

260. Double reft-aotlngr ■tr u c tn re prodnoed by 
proceasBi. ^ The property of double refraction may in son 
cases be imparted by artificial processes to substincea which d 
not naturally possess it. If a. cylinder of glass be brought to 
red heat, and held upon a plate of metal until it becomes cold, I 
will acquire the double refracting property, the axis of the CJ 
Under being a single positive tLxia of double refractinti. This ax 
differs, however, from the positive axis of crystallisation, becnl 
in this cose it is a single line, while in the crystal the lines panli 
to it are equally axes of double refraction. Sir David firewftl 
says that if, instead of heating the cylinder, it had been immerM 
in a vessel of boiling water, it would have acquired the m 
double retracting virtue when the heat bad reached its axis, tn 
that the property would not be prrmanent, disappearing when tl 
cylinder should become uoifarmly heated. Also, if the cylindi 
were unilbrmly heated in boiling oil, or at a fire so as not to soft* 
the glass, and had been placed in a cold Huid, it would acquire 
temporary double refracting virtue when the cooling had reacht 
the axis ; but in this case the axis would be a negative one, ii 
stead of a positive, as in the former case. 

According to him some other analogous structures may be pn 
duced by pressure, and by the induration of soft solids, such 1 
animal jelUes, isinglass, &c. 

If the cylinder in llie preceding explanations is not a regnli 
one, but have its section perpendicular to the axis everywbel 
an ellipse in place of a circle, it will have two axe* of dnab 
re&actioa. 1 
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h Wee manner, if we use rectHogular pkteE of gloss instead of 
cylinders, as io the preceding experiment, we shall have platea 
with two planes of double refraction, a positive structure being on 
one side of each plane, and a negative one on tbe other. 

If we Ti»e perfect spheres there will be axes of double refrac- 
tion along everj dluneter, and, consequently, an infitiite number 
of them. 

L The crystalline leoaes of almost all animals, whether they are 
fenseB, spheres, or apheroids, have one or more axes of double 

kra a ray of light has been reflected from the surface of 
ier certain special conditions, or transmitted through 

zt^n transparent crystals, it undergoes a remarkable change in 
I properties, so tbal it will no longer be subject to the same effects 
' reflection and retraction as before. The effect thus produced 
>on it has been called ^MruoA'on, and the ray or rays of light 
[lis aiTected are said to be polarUed. 

Tbe name polei Is given in physics in general to the sides or ends 
ttaj body which enjoy or have acquired any contrary properties. 
rhua, the opposite ends or sides of a magnet have contrary pro- 
lertiei, inasmuch as eitch attracts what tbe other repels. Tbe 
ppotita ends of an electric or galvanic arrangement are, for like 
^^SBOna, denominated poles. 

Following the common rule of analogy in nomenclature, a ray 
' light which has been submitted to reflection or transmission 
ider the special conditions referred I^ has been called polarined 
jM; inasmuch us il is found that the sides of the ray which lie at 
igbt angles to each other, possess contrary physical properties, 
rbile those of a ray of common or unpolaris^ light possess the 
me physical properties. 

To Illustrate the relative physicaJ condition of common light 
od polarised light, we may compare a ray of common light to a 
DQnd rod or wire of uniform polish and uniformly white, while a 
ly of polarised light may be compared to a similar wire, two of 
hoae opposite sides are rough and black, while the other opposite 
des at right angles to these are polished and white. Thus, if 



"'/%■■ 'S7> ^^ " section of tlie farmer, the entire eircumfett' 
i BCD is white and polished, and if a'b'c'd' {Jig. 158-)' 
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a section of the latter, a' and e' will be white and polished, wbilli 
h' and d' will be black and rough. 

A group of phjsic;ai properties, verj numerous and complicate^ 
choracteriae the polarised state of light, the diecussion and expo* 
gition of which constitute ibe subject of an extensive mid ii 
portant section of optics. 

Let a plate of glass be blaekened on one side, so tbaC when ra 
as a reflector no light will be reflected from its posterior s 
Such a plate will therefore reelect light onl^ from one e 
which will be its anterior surfsure. This precaution 11 
in the cases now to be examined, in order to prevKot the e 
which would ensue from the combination of the rays, which * 
otherwise be reflected from both the anterior and posterior surfi 
of the glass. 

Let such a plate, so prepared, be presented to the polarised ti 
at an angle of incidence of 54° 3;', so that the plate shall mai 
with the ray an angle of 35° 25'; and let it be turned round tbc 
ray, so as to be presented successively on every side of it, rtiff^ 
forming, however, the same angle with it. During thb process, il 
will be observed that there is a certain direction of the plane dt 
the angle of incidence at whicli no reflection will take place j 
ray will be absorbed or extinguished, so to speak, by the refli 
sur&ce. The plane of incidence will have this direction ii 
opposite positions of the reflector. 

Let the line V d',jig. 158., represent this position of the pUnet 
incidence : then V and d' will be the two opposite sides of the ran 
at which the reflector being presented will cause the extinction oi 
the light. Now as the reflector is carried round from either <t 
these positions respectively, so that the plane of the angle of inc!^ 
deuce sliall turn louod the asia of the raji reflection will b^a t| 



POLARISATION. loi 

ttfce place, and will increase in intensity until the plane of the 
angle of incidence tokea a position, such ax a' c', at right angles to 
1/ d', when the iut^nsitj of the reflection will be a luuximuni. After 
pasung this position, the intensitj of the reflectioa will agiun di- 
minish, and will continue to decrease until the plane of the angle 
of incidence shall again coincide with the diameter b' d'. It is evi- 
dent, therefore, that different sides of such a raj have different 
properties. Thus, the aides a' and c" have a suaceptibilitj of being 
reflected, of which the sides b' and d" are deprived ; and the sus- 
ceptibility of reflection diminiahea gruduallj in going round the 
iHj from either a' or e' towards £' or d', when it altogether ceases. 

A plane passing through the axia of the raj, and coinciding with 
the diameter a' c\ is called the plane of polarisation. It is evident, 
therefore, from what has been explained, that when the reflector ii 
M presented to the raj that the .plane of the angle of iucidence 
ahall coincide with the plane of polarisation, reflection will take 
place with the greatest intensitj, and that when the plane of the 
angle of incidence is at right angles to the plsjie of polarisation, 
na reflection lakes place, and the ray is extinguished. 

262. AnEle of polKrlHttam. — If, instead of glass, any other 
reflecting surface be used, like effects trould be produced i only 
that the angle at which it would be necessary to present the reflect- 
ing vurface to the ray would be different, each species of reflector 
having its own particular angle. This angle is, for reasons which 
will be hereafter explained, called the migh 0/ patarUation. 

263. *oI>rlacopDa. — Instruments called Polariscopes, adapted 
tor the experimental illustration of the phenomena of polarisation, 
have been constructed in various forms. One of the most con- 
TCtiient for the purposes of elementary esplonation consista of 
Beveral detached pieces, which arc represented inj^. 1 59. *■ bIi a 
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ImM. tube like that of a telescope, along the axia of which the 
potuised pencil to be submitted to examination is transnitled. 
C 1» t short tube capable of being; inserted, after tlie manner of 
■ iheniiuntubeatA. This tabe cowries a plane 
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reflector d of tlie blackened glass already deacribect, wbich ii 
pable of being turned on pivots, and is supplied with a double bchI» 
atid index, by wliich the angle it makes vilh Lhc axia of tbe tube 
can be regulated at pleasure. By turning tlie tube c round 
axid, the plane of tbe retiector d may be presented successively i 
every side of the axis of the main tube. 

A diaphragm is fixed in the tube at d, having a circular hole in 
its centre, to limit the magnitude of the tranemitted pencil. ThQ 
pieces e, f, g, and h, are aeveriJIy capable of being inserted!] 
end B (if tbe tube, and of being turned round in the same ma 
as already described with relation to the piece c inserted at 
end A, The short tube e carries a plane reflector b, similar t« 
that already described, which ij capable of being adjusted at u 
desired angle with the axis of the tube. The tube v contains 
double refracting prism ; the tube a contains a thin disc of tom 
maline with parallel faces, so cut that the optic axis is parallel 1 
these faces. lu fine, the tube H coot^ns a bundle of plates i 
glass, with parallel surfaces placed in contact with each other, an 
inclined obliquely to the axis of the tube. 

All these pieces severaUy inserted in tbe tube A. a can I 
turned round its axis, so that the rejector b, or the prism, or tl 
tourmaline a, or the included plates a, may be severally presented 
in succession on all aides of the ray transmitted along the axis ot 
the tube a b. 

264. PolarlMtloD 1)7 reflection. — Let the tube c, j^. I ^9^ 
carrying the reflector n, be iJiaerted in the main tube a, and let t 
plate of blackened glass be inserted in the frame l 
deficribed. Let the apparatus be so adjusted that when a ray gi 
light falling upon the plate d at an angle of incidence equal b 
54° 35' '^ reflected, the reflected ray will pass along the axis 
the tube A b. Such a ray will be polarised, and the plane of it 
polarisation wiii coincide with the plane of the angle of incidenoa 
upon the plate d. 

To prove this, let the tube b carrying the reflector b be inserted 
in the end b of tbe main tube, and let the retiector b be adjusted 
BO that tbe ray which passes along the axis of the tube shall laD 
upon it at the same angle of incidence, 54° 3 S' as represented ill 

fg. 160. 

If tbe tube e be so placed that the plane of the angle of inci- 
dence upon tbe reflector b shall coincide with the plane of the 
ftngle of incidence on the reflector It, then the ray coming along 
the axil of the tube will be reflected from tt with the gruatest 

possible intensity. If the tube b be then turned round within thg 
tube B, so as to present the reflector b successively on difliereol 

tidag of iIk lay which passes along the ftzi« ot tbe tub^ U 4" ' 
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found that when the reflector b assumes such a position that the 
plane of the angle of incidence upon it is at right angles to the 




Fig. 160. 

plane of the angle of incidence upon the reflector d, no reflection 
will take place, and the ray will be extinguished. It follows, 
therefore, from this, first, that the ray passing along the axis of 
the tube is polarised ; and, secondly, that its plane of polarisation 
coincides with the plane of the angle of incidence of the original 
ray from the reflector d. 

n^ instead of a blackened glass, any other reflecting surface 
were placed in the frame d, the same eflects would ensue ; but 
the angle of incidence upon such surface which would produce 
polarisation, would be different for difierent surfaces. 

265. Metbod of determining tbe polarising an^le for 
dlArent refleotlnflr surflaoes. — It was discovered by Sir David 
Brewster by observation, and afterwards confirmed by theory, 
that the polarising angle for any reflecting surface is that angle 
of incidence which, being added to the corresponding angle of 
refraction, supposing the ray to enter the medium, would make 
up the sum of 90^. Thus, if abcd, Jig, 161., be a transparent 

medium bounded by parallel 
surfaces a b and c d, and if 
p I be a ray of light incident 
upon it at such an angle of 
incidence p i f that the angle 
of refraction b i p' corre- 
sponding to it shall, when 
added to pip, make 90^, 
then the angle pip will be 
the polarising angle, and a 
ray incident at such angle 
and reflected from i in the 
direction 1 p' will be polai*- 
ised. 
It is easy to show that in 
Fif. 161. this case the directions of 
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t 367. Ffculi of refleettoa oa polmiiaed liybt. — If a ray of 
fohrised light be incident upon any plane retioi'iinir .'^url'are. xlw 
jjpQBtkm of the plane of its polarisation will in general be ehaii;:ed 
■Aer reflection, and will be turned more or lei^s towards the plane 
pf die angle of Incidence. If the angle at whieh the ray is inci- 
Ant be equal to the polarijting angle, then the plane of (xilaris- 
whatever may be its position in the iiicifient ray, will co- 
with the common plane of incidence and reflection in the 
ray, so that the effect of redectiun will be to turn this 
round the axis of the ray through the angle formed by it 
^ vith the plane of incidence. 

If, however, the angle at which the ray is incident be not e^iial 
to the polarbing angle, then the plane of polarisation will not be 
kffned entirely round to coincide with the plane of the angle «>f 
vidence, but will be turned towards that plane, so that the angle 
■nned by the plane of polarisation of the reflected ray with the 
phne of incidence will be less than the angle formed by the plane 
tf the angle of polarisation of the incident ray with the same 
pline. 

The angle through which the plane of polarisation is thus turned 
^ depend upon the relation which the angle of mcidence bears 
to the polarising angle. 

If the ray be incident perpendicularly upon the surface, no 

diinge will take place in the position of the plane of {Hilar isat ion, 

^t of the reflected ray coinciding with that of the incident ray. 

^ the angle of incidence be very small, then the plane of jxilar- 

M»tion of the reflected ray will be slightly turned towards the 

plane of incidence, and it will be more and more turned towards 

Jt as the angle of incidence approaches to ecjuality with the ixilar- 

Uiog angle. AVhen they are et^ual, the plane of polarisation will 

coincide with the plane of the angle of incidence. When the 

sogle of incidence exceeds the angle of polarisation, the plane of 

polarisation of the reflected ray will be turned from the plane of 

tlie angle of incidence, and on the other side of it ; and it wiJ 




But since rip + EiF' = 90°, it follows that 

If to both of these we add the angle a i 
angle p' 1 b equal to the angle A i f' ; 
angle p' t b will be also 90°. 

The aiigle of polarisation is therefore determined by the 
dition that the reflected ray 1 p' shall be at right atigles to the 
direction it would have pursued, had it been refracted instead of 
reflected si i. 

It ia easy to show that when the ray i b emerges from the lowg 
surface in the direction Bft', parallel t 
angleB to the direction it would have taken, if, instead of p 
through the surface at B, it were reflected from it in 
X Q ; for sioc« x a' and b 11 are respectively parallel to p i and b^ 
the angle d b q' is equal to the angle p i b, or, what is the ai 
to the angle p' l a, or, in fine, to the an^ 

But the angle 1 b f' is equal to the angle q b d, therefore ti 
angles b i f' and I B r', taken together, are equal t 
qbq'j and since the former are equal to 90°, QBt 
angle. Hence it follows that the ray i b also falls upon the sarfaW ] 
A at B at the angle of polarisation, since its directions reflected aot J 
refracted are at right angles. 

It follows from what precedes, that the polarising angle 
spending to any surface separating two media is that angle *hc 
trigonometrical tangent is equal to the index of refraction ; 
since the angle b i f' ia the complement of the angle pip, the d 
of F I p divided by the sine of b i p' will be equal to tiie tangent d 
the angle tip. Thus, whenever the index of refraction for t 
medium is known, the polarieing angle for the surface of n 
medium can be determined ; and whenever the polarising r _ 
can be found by observation, the index of refraction may t 
inferred. 

ic the indices of refraction for the different component p 
of solar light are different, it follows that the polarising angl« fol' 
each species of homogeneous light will also be different. 

266. Table BbDWlDK tbe patarlilniF uiKlo of oortaln ■~**|T, j 

— SirZteridBrewateT given tUe following table:- 
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z6y. BOBeta of reaeottoo on poluixed llgbt. — If a ra; of 
polttiieeil light be incident upon any plane reSecting surfaoe, the 
position of the plane of ita polarisatiiin will in general be chaoged 
a&er reflection, and will be turned more or less towards the plane 
of the angle of incidence. If the angle at which the r&j is inci- 
dent be equal to the polarising angle, then the plane of polaris- 
ation, whatever may be its position in the incident ray, will co- 
ininde with the common plane of incidence and reflection in the 
mfiected ray, so that the eflE^ct of reflection will be to turn tbia 
plane round the axis of the ray through tlie angle formed by it 
with the plane of incidence. 

U, however, the anj^Ie at which the ray is incident be not equal 
to the polarising angle, thun the plune of polarisation will not be 
tanied entirely round to coincide with the plane of the angle of 
inudenee, but will be turned towards that plane, so that the angle 
fbnoed by the plane of polarisation of tJie reflected ray with the 
pltne of incidence will be less than the angle formed by the plane 
of the wigle of polarisation of the incident ruy with the same 

The angle through which the plojieof polariaalioo ia thus turned 
will depend upon the relation which the angle of incidence beara 
to the polarising angle. 

If the ray be incident perpendicularly upon the surface, no 

change will take place In the position of the plane of polarisation, 

tlut of the rellected ray coinciding with that of the incident ray. 

If the angle of incidence be very small, then the plane of pohu^ 

iMtHia of the reflected ray will be slightly turned towards the 

plane of incidence, and it will be more and more turned towards 

it BB the angle of incidence approaches to equality with tbe polar- 

Ung angle, niieu they are equal, the plane of polarisation will 

with the plane of the angle of incidence. When the 

le of incidence exceeds tbe angle of [lolarisation, the plane of 

triialion of the leflected ray will be turned from the plane of 

angle of incidence, and on the other aide of it ; and it will 
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continue to lie turned from it more ami more aa tJie angle of indr 
deuce is incressud, until it betoincs a rijzht ungle. All these phea 
nomena can be illustrated exptri men (ally by meana of the polari- 
Boopiu apimratus already described, the planu uf polurlBation being 
always M.pable of being deternuned by the meana already e 
plained. 

z63. BlIiBots of orilliiarj' reftootlon on polarised UkM.— ■ 
When a ray of polarised light eulers any tranaparent medium, tJ 
plane of its polarisation ia cbanged after refraction, and ia ti 
from the plane of the angle of incidence mora or less, according u 
the angle of incidence differs mare or less from the polariaii]| 
angle. The effect, therefore, uf refraction on the plane of poUr< 
isation is contrary to that produued by reflection. Th 
nearly the angle of incidence approaches to equality with 
lariaing angle, the more nearly will the plane of poIajTsalioi 
refraulfid ray be turned to a direction at right angles to the planS 
of incidence ; and if the angle of incidence be absolutely equal Ui 
the polarising angle, then the plane of pularieation uf the re&ae' 
ray will be at right angles to the plane of incidence, whatever u 
have been its position in the incident ray. It follows, t' 
that if the plane of polarisation of the incident ray be at ri^ 
angles to the plane of incidence, it will aufier no change by n 
fraction ; but the further it departs from thia direction, the g 
will be the change produced upon it by refraction. 

269. Oolaposltlon of nnpolarlsed llsbt. — It was Srst Sll*> 
gested by Sir D. Brewster, and since confirmed by theory, that S 
ray of onlinary or unpoiarised light consists of two raja polar 
in planes at right anglea to each other, the absolute direction M 
these planes being arbitrary. When such a ray is per&otl] 
polarised, these planes of polarisation are made tc 
or both being turned round the axis of the ray. 

Polarised raya may, however, also be obtained from a ray ol 
natural light, either by resolving the ray into the two pencils ol 
which it consists, and exhibiting tbem separately polarised in plauOT 
at right angles to each other, or by extinguishing one of the tw* 
rays, and not the other. 

270. VoIarlBKtiaii by dontile refraotlaii. — A double refrscH 
ing crystal supplies the means of obtaining polarised rays by tl 
first method. 

When a ray of common light is incident upon such a crystal is 
a plane passing through its ariis, it will be divided, as has been 
already explained, into two nye, the ordinary and e^ttraordiDary^ 
both of which will be found to be polarised if examined by the tt ' 
already expl^ned. The plane of polarisation of the ordinary n 
[ I wUl co'uiGltiiG with thfi plane of the angle of incidenue,. Aftd tho iJ 
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<it poIanRatiuo of the extraordinary raj will be at right angles to 
it. Thus the double refracting crystal resolves the ta.j of eummou 
light into its two component polarised raj's, exactly as a common 
prism resolves a raj of solar light into its component rajs of dif- 
ferent reiraogibilitj. 

371. Vartlal polarlaatlon. — As a, raj of light is completelj 
polarised when the two planes of polarisation naturallj at right 
angles are brought to absolute coincidence, and as it is completely 
impolarised when these planes are at right angles, it is partially 
polarised when thej are in nnj intermediate position ; and it ap- 
proaches more and more to the state of complete polarisation as 
the obliquity of the two planes of polarisation increases. Thus, 
when they form an angle of :^j°, the ray may be considered as half 
polarised. 

It wsis long contended that a pencil partially polarised consisted 
of rays completely polarised mixed with rays completelj un- 
potarised in various proportions, according to the degree of partial 
polariiMtbit of the pencil; but Sir David Brewster suggested, 
what has been since confirmed bj theory, that partial polarisation 
must be otherwise understood, and that a peocU partially polarised 
contains in it no ray, either perfectly polarised or perfectly un- 
polariaed, but consists of rays, each of which is imperfectly 
polarised, as just explained. 

172. PalarlaaUon br mceeaslTe reftvotloiu. — It has been 
already ehowo that a ray of polarised light, when it enters a trans- 
parent medium, and is refracted bj it, has its plane of polarisation 
turned from the plane of the angle of incidence through an angle 
greater or less in magnitude accarding to the relation which Uie 
angle of incidence bears to the polarising angle. Now, since a ray 
of natural light consists of two raja of light jiolarised in planes at 
right angles to each other, such a raj, when it enters a refracting 
loediani, will have both plaoes of polarisation of its component 
rajG turned towards a right angle with the plaue of the angle of 
incideiice. 

If such a ray then be successively refracted by a series of media 
bounded by parallel planes, the plunes of polarisation of its com- 
poaebt rays will undergo a series of changes of direction, eaub 
haniig a tendency to turn them into a direction at right angles to 
the common plane of incidence and emergence. 

Sir David Brewster found that the light of a wax candle placed 
U tlie diatance of ten or twelve feet from a series of parallel plates 
of ground glass was polarised at angles of incidence which de- 
peud«d on the number of plates as exhibited iu the following 
tabid : — 



He Inferred from these experiments tbat if we divide th^ 
number 4I-S4 by any number of crown glass plutes, we ab "" 
obtain the tacgeDt of the angle at which a pencil of light maj 
polarised by this number. He also inferred that the power 
polarising the refracted light increased with the angle of 
between □, or a mlniiuum, at a perpendicular incidence, and 
greatest possible, or a ma^timum, as the incidence approached gc^. 

The apparatus represented at h. Jig. 1 59., is adapted for d 
experimeotal demonstration of this. In the Cube a is placed 
leries of Gve or more plates of glass resting with their surfaces (H 
upon the other, and capable of being adjusted in the tube so as I 
form nny desired angle with Its axis. 

If this piece H be inserted in the end a of the tube, and if A 
plates of glass be applied at the proper angle, it will be foond thi 
the light after passing througL them is nearly polarised, and thi 
it9 plane of polarisation is perpendicular to the common plane ( 
the angles of incidence and refraction. In this case the mol 
brilliant the pencil of light transmitted through the plates, li 
more numerous the plates must be in order to effect complel 

Strictly speaking, no number of plates can bring the planea i 
polarisation to absolute coincidence ; but they may be said f 
approach so near to it, that the pencil will be to all appearuH 
completely polarised with lights of ordinary intensity. ' 

A pencil thus polarised by refraction will exhibit the same pn 
perties when submitted to reflection, or when incident upon a pUl 
of tourmaline, as has been already described with respect to ligl 
polarised by reflection. 

273. Btfeot of taonnallne. — Let a plate of tourmaline h 
cut with surfaces parallel to each other and to its optic uci 
Such a plate being fixed i[i the piece a {fg. 1 59.), may be Ik 
verted in the end of the tube B, so as to receive the polarised nj 
transmitted along the nTJi of the tube perpendicular to its snrAe 
When thus arranged, the tube o being turned within the tube! 
so as lo bring the optic axis of the tourmaline 
plane of polarisation of the ray, the ray will be totally 
If the tube be then turned, so that the axis of the tourmaline 
form an increasing angle with the plane of polarisation, light wi 
begin to be transmitted, and the intensity of the lighl 
mittod will grsduaUy increase, until the axis of the 



ion, light win 
le riiiiiiiiilinwj 
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Jl at right angles to tlie plaac of polarisation, when its intenuitj 
will be a. maxioiuni. Atlfi' it passes (hat, the tube o being slonlj 
turaed, the int«nait; will a^ain diminish until the axis of the tour- 
liuline agun coint^ides with the plane of polarisation, when the 
^ht will be completely intercepted. The tourmaline auppliea 
tlierefare a teat of polarisation and a means of ascertaining the 
position of the plane of polarisation mure convenient still than 
that which baa been already explained by means of the reflecting 
■urface r. 

74. VoltuiaKtloD hy aliMtrptloD. — Sir David Brewster 
ibowed that agate and some otiier crystals hud the effect of inter- 
•eptiog one of the twu polarised rays which constitute immmon 
light, Bud transmitting the other ; and suggested tliia aa a means of 
9btaining polarised light. Thus, if a ray of common light be trans- 
nitted through a plate of agate, one of the oppositely pularised. 
beams will be converted into nebulciua light in one position of ihe 
crystal, and the other in another position, so that one of the pola- 
rised beams will in each case be transmitted. The aanie ellect may 
be produced by Iceland spar, Aragonite, or artificial salts, prepared 
io a peculiar manner, so as to produce a dispersion of one of the 

ro polarised rays forming common light. 

If common light be transmitted tlirough a Iliin plate of tourma- 
line, one of the polarised rays which constitute it will in like man- 
be absorbed by the tourmalina, and the other transmitted; 
■nil when the tourmaline is applied in a position at right angles 
to this, the ray which was before transmitted is absorbed, and vice 

PotftrtMitt0ii by Irregular reSeotloii. — When a 
pencil of light is directed obliquely on any imperiijctly polished 
purface bo as to be irregularly reflected Irom it, the rays thus re- 
lated will be partially polarised, as may be ascertained by look- 
•t the reflecting surface through the plat« of tourmaline a 
J, IJ9.)' On turning round the plate of tourmaline, it will be 
>tiiid that the brightness of the surfhce will vary according to the 
irection of the a^iis of the tourmaJine, the positions of the axis 
vhich render its brilliancy greatest and least being at right anglea 
each other. That the polarisation in this case is imperfect ia 
monstrated by the fact that the tourmaline in no position prD> 
MCI a complete extinction of the lijj[ht. 

Suce light is more or less polarised by succesaive refractions 
id by lucceauve reflections, whether regular or irregular, it fol- 
tbat light is almost never found without being more or less 
'poUriaed. Thus the light of day proceeding from the solar rays, 
' Mflectvd and refracted by the atmosphere and the clouds, must 
[8 be more or lew polarised, —an effect which mnj be 
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verified hj examining tliia light by one or other of the tests 
polarisation, but more especiallj by the tourmnline already 
described. 

276. Znterference of poUuis«d penolla. — Tf two pencils 1 
light have tbeir ptnnes of polarisation parallel, they «ill exhibic 
the same phenomena of interference as have been already d» 
scribed for ordinary light. The production of bright and dtdC 
fringes, when the pencils are homoj^eneous, and the productian tS 
coloured fringes, when the pencils conaiat of compound light, w^ 
occur aa in the case of unpolurlaed light- 
But if the two pencib be polarised in planes at right angles tl 

each other, none of the phenomena of interference will be ex' ' 
bited. No matter under what circumstances the rays shall inl 
sect, it can never hap]ieti that -either ray nill extinguish the o ~ 
or that the phenomena of dark and light or coloured fringes a 
produced. 

When two pencils are polarised in planes forming with eat 
other an oblique angle, they will produce fringes, but of ii 
brilliancy to those exhibited when their plonea of polarisation : 
parallel. 

If two pencils are first polarised in plunes at right angles 
each other, and afterwords have their planes of polarisation T 
dered parallel, which may always be accomplished either hyi 
refraction or reflection, they will not recover the proper^ i 
forming fringes of interferen<?e, of which they were deprired b 
rectangular polarisation. But if a pencil of common light be tin 
completely polarised, and then be divided into two pencils pol 
ised in rectangular planes, these two pencils, if their planes 
polarisation be again rendered parallel, will acquire the propertf 
of interference, and will exhibit fringes. 

All these phenomena ailniit of verification by the polariscojw 
apparatus already described. 

277. Componnd BolKr llsbt oaniiot Ite completely pal» 
rUfld by reaeoUon, bat mBj- be nearly so. — Since the pa 
larising angle varies with the index of refraction, and since whiti 
solar light is a compound of rays having different indices of re- 
fraction, it follows that a pencil of solar light ci 
pletely polarised by a reflecting surface, for the angle wbich wouM 
polarise completely one of its constituents would be different 
from the angle which would polarise completely another. Bsl 
since the difference between the polarising angles for the extrem*! 
rays in the cose of glass is onlj 2 1 ', and in the aue of wster 
less, it follows that if the polarising reflecljir be adjusted a1 
polarising angle of the rays of mean refrangibility, the rays ofel- 
^eincrerrongibility wiU full upon it at an angle differing yerj' link' 
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fVom their polarising angle, and, consequetitlj, although thej will 
not be completely, they will etill be very nearly polarised. 

278. Nevertheless, the absence of complete polarisation in this 
case is rendered extremely evident by the test of the plate of tour* 
maline already deacribed. 

If the reflector D,j^. I ^9., be adjusted tn the polarising angle 
of the rays of mean refrangibility, and the plate of tourmaline □ 
be applied to the end a of the tube, the rays corresponding to the 
middle of the spectrum only will be completely intercepted when 
the axis of the tourmaline is brougbt into the plane of polarisation. 
A portion of the extreme rays at both ends of the spectrum will 
be transmitted through the tourmaline, and will be perceivable as 
bright purple light proceeding from the mixture of the red and 
violet rays which are transmitted. If the plate D be then adjusted 
to the polarising angle of the violet rays, the red rays will be 
transmitted in considerable quantity, and the yellow less, eo that 
the light transmitted will be a reddish orange i and if, on the other 
tumd, the polarising plate n he adapted to the polarising angle of 
the red rays, the light transmitted will be a bluish green. If tiie 
polarising plate p be composed of any highly dispersive substance, 
■uch as cassia, diamond, chromate of lead, realgar, or specular 
iron, the colour of the unpolarised light tronsmitted from the 
tourmaline will be found to be extremely bright and beautiful. 

279. BSbot of a double rBtnLcUng c ryta l on polariBed 
Ufllt. — Let us suppose a piiiicil of polarised light rp,^.i62., 



to be incident perpend ieuliirly upon a plate t u, cut from a double 

) n&actiag crystal, in such a manner th.it its surfaces are parallel 

I U each other and to the optic axis of the crystal. The pencil b p, 

i in paasin^ through this plate, will be doubly refracted, the onlinnry 

"1 {proceeding in the direction r o o of the original pencil h p, 

be extraordinary pencil taking another directJou p b through 

B crystal, and emerging in the liim-tion b m, parallel to that of 

' lent lUf K t. Xhesa two p«iluiU will be pokrised iu rect- 



angular pla 
coinc-iJing 
polarisation 



lee, the plane of polarisation of tbe ordinarjr pencil 
vith the optical axis of the crjBtoJ, anil Ihu plane rf 
of tbe extraordiaarj pencil e u being perpend! 



To render this more clear, let the CLrcle,_^. 163., Tepreseotl 
Eection r>f the incident mj m P, and let c f be the direction of tht 
plane of primitive polarisation of the laj b p. Let c o be pa: 
la the optic axis of the crystal a b, and c k be perpendicular to it; 
It follows, therefore, that co,,^. 163., will be the direction of ~ 
plane of polarisation of the ordinary pencil oo,J!^. 162., and { 
Jig. 163., will be the direction of the plane of polarisation of 1 
extraordinary pencil, E B, j!]g'. l6z. 

It follows from the principles of the undulntory theory (and 
this consequence b confirmed by observation) that the propora 
tion in which the light of tbe original pencil b r is shared bv tte 
ordinary and extraordinary pencils o o and b e will be expresM^ 
by the squares of the cosines of tbe angles which the plane cf' 
primitive polarisation cp, Jiff. 163^ makes with the planes a£ 
polarisation of the two pencils 00 and BE.j^, i6It respectively. 

I^ therefore, the number of rays in the original pencil h p be ex- 
pressed by the square of tbe radius, j^. 163., the number of ran 
in the ordinary pencil o o will be expressed by ihe square of c % 
and tbe number of rays 
in the extraordinary 
pencil E E will be ex- 
pressed by the square 
of c n. The changes 
incident to the relative 
intensities of the ordi- 
nary on d eitraordi nary 
pencils produced 1^ 
the plale ab, may then 
be easily inferred from 
the diagram, ji^. 163^ 
If the plane of po- 
larisation of the ori- 
ginal ray b p coincide 
with the axis of the 
crystal A b, then c p. 
Jig. 163., will coincide 
the pencil 00, Jig. l6Zi 
of the radius c o, while the pencil \ 
m will become equal to c o, and ■ 




Fig, i6i. 



with c o, and the number of rays 
will be expressed by the 
E B will vanish ; for, in tb 
c/» will vanish. 
A3 tbe plane of priniitive polarisation c r makes 
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fingle witb CO, c tn, wlinse square represents the number of ra^s 
in the peucil o o, will decrease, and c n, whose square represeota 
the number of rajs in the pencil e e, will increase. The one 
pencil, therefore, will diminish and the other incirease in inlenaitj. 
When tbe plane of primitive polarisation cr makes an angle of 
45° with the axis c o of the crystal, the Une cp will bisect the 
angle OGE, and cm will become equal to en. In this position, 
therefore, the ordinary and entraordinary pencil.i oo and eb, 
J^. 162., will become equally intense, or contain the same number 

Wben the plane of primitive polarisation c p makes with the 
axis c o of the crystal & b a greater angle than 4;°, c rn becomes 
ten than en, and consequently the ordinary pencil 00, jig. 161., 
contains less rays than the extraordinary pencil e b ; and as the 
Angle included between c p and c o increases, the extraordinary 
pencil will become relatively more intense, and the ordinary penoil 
leae so, ontil the plane of primitive polarisation c p makes a right 
angle with the axis c o of the crystal ; in which case c p will coin- 
cide with o B, c n will become equal to c e, and c m will vanish. 

Thus the ordinary pencil o o, Jig. i6z., will disappear, and all 
die raja of the incident pencil b p will pass into the emergent 
uctraordinary pencil SE.-Alike suecessiun of changes of intensity 
will take place if we suppose the a.xis of primitive polarisation cp 
ta revolve through another quadrant ; the rays of the extrti- 
DrdJnary pencil gradually passing into the ordinary one, and the 
cxtraordiuary one vanishing, and tbc ordinary pencil acquiring the 
wune intensity as the incident pencil, wben the plane of polarisation 
agun cobcides witb the direction of the axis of the crystal. 

It thus appears that in a complete revolution of the plane of 
prinutive polarisation, or, what is the same, if that plane be fised, 
in a complete revolution of the plate & b in its own plane, there 
irill be two positions, i3o° asunder, in which all the rays of tha 
primitive pencil will pass into the ordinary pencil, and, conse- 
quently, in which the primitive pencil will undergo no change 
nther in its intensity or ifa polarisation. Therefore, there will be 
two positions at right angles to these in which the primitive pendl 
again undergoes no ehange in intensity, but in which it is con- 
rerted into the extraordinary peacil k b, its plane of polariaatioii 
being turned through 90°, and receiving a direction at right 
■Duetto tbat of the plane of primitive polarisation. In the inter- 
mediate positions between these four directions, the relative intcn- 
•ilie) of the ordinary and extraottlinary pencils undergo constant 
change ; that of the ordinary pencil being greater or less than tliat 
of the extraordinary pencil, according as the plane of primitive 
IxJarisation makes a less or gre«t«r angle than 45.° with the vu» 
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increase, and the lines cm' and en*' will gradnsHj & 
Therefore the intenaicies of the nnllnarj pencil oo will gradually 
diminish, and that of the extraordinurj pencil ee will gradually 
increase ; and, at the same time, the intensitj of the extraordinary 
pencil s'e' will gradually diminish, and that of the ordinary' pencil 
&o' will gradually increase. 

When the axis co of the crystal a'b' makes an angle of ^J^ 
with the axis Co of the crystal AB, then the four pencils will h 
equal intensities, for in such case no will bisect the angle o< 
and the line ce will bisect the angle o'cbj and in this case it \i 
evident that nil the four lines cm', en', 
equal ; and since their squares express the intensities of the fouX 
pencils, these intensities will be equal. When the angle formed 
by the axis co of the plate a'b', still increasing, forms an an^ 
greater than 4^° with the axis co of the plate ad, then the liw 
c n' becomes greater than c m', and consequently the pencil e 
becomes more intense than the pencil 00. At the same time, tt 
line en" will become less thsJi cm", and consequently the pendl 
e' e* will become less intense than the pencil 0' o'. These itiequali* 
ties between the respective pencils will gradually increase 1 
the gradually increasing angle formed by the axis of the platl 
a' b' with the axis of the plate a b, until these axes form a rigU 
angle with each other, in which case the pencils 00 and bV 
vanish, and the pencil ec will contain all the rays of the [i 
00, and the pencil 0' o' will contain all the rays of the peodlB 
Thus when the axis of the crystal a' n' is applied at right angl 
to the axis of the crystal as, no change is made in the inteonti 
of the two pencUa incident upon this second crystal ; but if tf 
planes of polal^sation are respectively moved through a 
angle, the ordinary pencil being converted into an estraor 
one, and the extraordinary pencil being converted into an 
nary pencil, it is clear tiiat the same snccessiou of changes w 
take place throughout each successive quadrant through whii 
the optical axes of the plates are turned. 



zSl. CIiroiDKtla ptaeaomena exiiUoable bj- n 

1. — The splendid prismatic colours arranged in the form g 
ic rings, intersected by dark and bright rectangular ci 
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and occasionally by hyperbalio curveu, are among the most remark- 
able and beautiful phenomena developed bj modern experimental 
researches in optica. No triumph of theory can be more complete 

n the solution of these compliciited appeuraucea afforded bj the 
undulatorj hypothesis. 

Anj description, however, of these multitudinous and various 
qipeftnmces, much more any exposition of the mathematical solu- 
tioa of them supplied hj the undulatorj theory of light, would 
be incompatible with the objects and the necessary limits of this 
"ume. While, however, we cannot enter into these details, we 

St not, on the other band, pass over in absolute silence snd) 
ph,„™e„.. 

zSz. Effect prodnced by ttie tnuumlsBlon of polarlaed 
UgbX tliroDEli ttaln doable reft-BOttng- plates. — To convey 

le idea of the principles on whirh tiitae [jbiiOiimena are based, 

us suppose the plates a d and i' a' (Jig. i6z.), to be so thin 
that the separation of the pencils into which the primitive pencil 
r is resolved will be inconsiderable. In such case, althouy;h the 
changes described in the last chapter will still he made in their 
pknes of polarisation, the pencils will more or less overlay each 
other, so that the rays ctimpoain<! one will fall within the limits of, 
md be nixed with, the rays of the other. 

It might therefore he inferred that the intensity or brilliancy of 
tlie pencils formed by each ccmibination would be found by adding 
tt^ther the measures of their separate intensities. Thus, the 
two pencils o a ando' 0', {fig. 164.), whose separate intensities are 
expressed by c m' *, and c m'' '', would have their combined inten- 
sity expressed by 



But it must be considered that polarised light is subject to in- 
■ terference when its planes of pulanaation are parallel, which they 
:s here supposed, the planes of polarisation of 
ibe pencils o and & o' being both parallel to tjie axis of the 
crystal x' b', and the planes of polarisation of the pencils e e and 
tf* e' b«ing both perpendicular to it- If, therefore, the other con- 
ditions of interference be fulfilled, it will follow that the rays of 
these two pairs of pencils would alternately extinguish one another, 
or produce a brilliancy eiiual to the sum of their intvtiaities, 
ftocording to the phases under which the luminous uDiiulations 

s easy to show that, provided one or both of the 
eryBtols a » and a' b' have a certiun degree of thinness, the rays 
of the two pencils would fulfil tbe conditions which determine 
i9t«r1Weooe. 
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To prove ibh, it tauEit be Minsidered llmt tlie indices of ordWr 
and extraordinary refraction are difTerent ; therefore the velocitiM 
of Uie undulations in passing through the crystals will be difTeren^i 
if one be ordinarily and the otlier extraordinarily refracted ; ai ~ 
if this difference be such as to produce by the undalatian of ll 
emergent pencils that relation vhich determines interference, tinti 
phenomenon must ensue. Now, on considering the refractios 
which the pencils o o and o' </ have saflered, it will appear that thv- 
former has undergone ordinary refraction by both rryataia, wbili 
the latter has suffered extraordinary refraction by the crystal a 
and ordinary refraction by the crystal a.' b'. Their velocitiei, 
therefore, through the crystal a b will be ditTerent ; and if the thin- 
ness of the crystal be such that the undul.itions of the original rayl 
are so related aa to fulfil the conditions of interference, interftr* 
ence wiU ensue. 

The same observations will b* applicable to the pencils e 
e' «', the latter of which has suffered extraordinary refractJon bf 
both crystals, and the former ordinary refraction by a b, and ex- 
traordinary refraction by a' b'. 

283. Colaored. rlnga anil (!»■>«». — If, therefore, the plate* 
be reduced to such a degree of thinnesii as to produce the phei 
mena of interference, a series of bright and dark rin^ will bft 
produced; but as such rings will depend on the indices of refrac- 
tion, and as these indices differ for each species of homogeneoof. 
light, it will follow that a different system of rings would be pn»- 
duced by each species of homogeneous light of which the primitive 
pencil B p might be composed ; and if such pencil be composed of 
compound solar light, then the resulting appearances are thoH 
which will be produced by the superposition of all the systems tt 
rings which would he separately produced by each species of homo- 
geneous light. The effect of the optical axes of the crystals, ai 
of the revolution of eilher of them round its centre in its ot 
plane, will he to produce dark or bright rectangular crosses vnf. 
responding to the planes of polarisation of the emergent p 
these crosses intersecting the systems of coloured rings. 

We have here adopted for liEustration, for the sake of simplicity' 
the case of crystals having a single axis of double refractio 
appearances produced by crystals with two axes are analogous Wi., 
these, though somewhat more complicated. 

Ll these, two systems of rings, which sometimes assume 1 
form of the curves called lemnlscates, which have the form of 1 
figure of 8, are produced, and the cross is ollen converted ii 
hyperbolic curves, which in certain positions assume the form of a 
cross, the hyperbola passing into its asymptotesi 

To give a complete analysis of these complicated and beautifiit. 
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chnHnstic phenomena irould be imposEible within the space we 
C4II devote to them; enough, however, has been explained of the 
principles of polariaation to render their gener^ tbeorj intelli- 
jtible; and we shall therefore now coQline ourselves to a. descrlp- 
le of the most intereating of the phenomena produced 
by transmitting polarised light through double refracting media- 

284. Apparattu of ITorcm'berB. — The pi.ilariBCOpic apparatus 
of Noremberg, represented injig. 16;., KUppiiea convenient means 
of observing and analysing 
the chromatic phenomena 
of polarised lighL 

The polorisiug apparatus 
is mounted in the lower 
part of the instrument, and 
consista of the frame g L'on- 
taiuiugtlie polarising plate, 
the horizontal reflector m, 
aiid other ucceasories. By 
meana of these a pendl of 
light polarised tn anj' re- 
quired piano can be trans- 
mitted vertically upwards, 
BO as to pass through the 
centre of the ringa e> iiud t. 
The rings v and * are 
graduated, and a tube is 
inserted in each of them, 
having an index which plays 
on the divided scale as the 
tube is turned round its 
centre within the ring. 
Plane reflectora inclined al 
variable angles, plates of 
doubly refracting crystals, 
doubly refracting pcisins, 
bundles of parallel plates 
of glass and other polari- 
BCupiu tests, are aet in 
other of the rings e 
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•linrt tubes capable of being fixed 

and (. So the polarised pencil transmittL'iI upwards along the 
axis of the apparatus may first be mnde to pass through the plate 
insett4)d in u, and may then be examined by on inclined ru- 
flwtor or tourmaline plate, a doubly refractinj; prism, or by any 
other polariscopiu test which may be fixed in (. The jiosilion of 
tJuj indices which move on the divided circles of r and s will in- 
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dicatc tbe position and changes of position of the planes of pol: 

23 J. Rook (nTBtal. — Let a plate of rock erjstal, vrith surTac^' 
cut parallel to its optic axes, the thickness of which does n 
ceed the 50th of an inch, he placed on the rinj; r ; and let A 
doublj refracting prism, with a single axis of double refraction, h 
placed in g. 

Let ns first suppose that tlie axis of this prism eoincides wilfc 
the plane of polarisation of the pencil incident on the plate v, e 
let the axis of this plate he first placed in the plane of potarisationi 
Li that case the incident ray will pass through hoth crystals wilfc* 
out change, and an eye placed above the prism at ( will see on^ 
the ordinary image of the object trom which the pencil issi 
the axis of d be turned at right angles to the plane of polarisatioili 
a single image only will he seen ; but in this case it trill he ll 
extraordinary image, and the plane of its polarisation will be pe 
pendicutar to the plane of primitive polarisation. The il 
will in both cases ho white. 

In all intermediate positions of the axis of the plate b 

images will be seen, which will partly overlay each other, as re* 

presented ia _fiff. 1 66. Those parts which are not superposed will 

have colours exactly complementarjf 

Oatid the superposed parts on whidi 
these colours are combined' will ba' 
wlite. 
As the plate v is turned round iti 
centre through 90°, from the posilioV 
ia which its axis coincides with Uia 
pj^ „ plane of primitive polariaation to tb^ 

position in which it is at right Kn^M 
to that plane, the two images pass through a series of tints of 
colour (always, however, coniplementsry), and through Tarioiu 
degrees of relative brightness, their most vivid colours being 
exhibited when the axis is at 4^° with the plane of primitiTS 
polarisation. 

The same changes take place in each successive quadnM 
through which the axis of p revolves. 

If the a\is of the prism i he placed at right angles with tl 
plane of primitive polarisation, a like succession of appearaneel 
will be exhibited, the ordinary and extraordinary images, how* 
ever, interchanging places. 

If the axis of the prism a he placed at any oblique angle wi 
the plane of primitive polarisation, a like succession of effects V-^— 
be observed ; but, in this case, the single images will be exhibitot 
wben the axis of the prism » coincides with, and is at right ir"'"* 
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with thaC of the plate v ; and the double coloured images appear 
in the intermediate positiana, the images haviog the gteateet 
splendour when the two axea intersect at an angle uf 4.^°. 

There is, therefore, in all cases, a single image in four positions 
in each revolution, these four poatlions being at right angles to 
each other; and intermediate between these, there are four other 
positions, abo at right angles to each other, at which the comple- 
mentary images attain their greatest brightness. 

Plates of rock crjstal more than the 50th of an inch in thick- 
ness produce like eOects, but with less brilliant colours. In ge- 
neral, the colours var; with the thickness of the plate, the more 
brilUant tints being produced by the thianest plates. 

Different crystals exhibit striking differences in these cbromutlc 
phenomena. Thus Biot found that carbonate of lime cut parallel 
U> the axis, required tu be eighteen times thinner than rock crystal 
to produce the same tint. This circumstance renders it difficult 
to obserre these phenomena with carbonate of lime. 

286. Let a plate of Iceland spar less than an inch thick be cut 
with parallel surfaces at right angles to its optic aMis. If this be 
placed between two plates 
of tourmaline cut parallel 
to their axis, a scries of 
beautiful chromatic pheno- 
mena will be obserred by 
looking through it at the 
clouds. If the axes uf the 
tourmalines are placed at 
right angles, the crystal will 
exhibit a system of concen- 
tric rings of the most vivid 
colours, intersected by a 
dark cross, as represented 
in j^. 167. 

If the axis of one of the 
tourmalines be turned gra- 
dually rountl, making a. decreasing angle with the axis of the 
other, the tints of the rings will undergo a series of changes, and 
the dart cross will show a space in the midst of each of its arms 
&iiitly luminous, as represented in /g. 168. These changes will 
proceed until the axis of the one tourmaline hewimes parcel to 
the other, when the cross will become white, and all the tints of 
tlie rings will become complementary to those which thev had in 
tfae first position, as i-epreseoied in _fig. ibg. 

H instead of presenting the crystal to the while light of the 
JmTeitf] a pencil of homogeneous light be transmitted through 




Fl*. 167. 




Itft« 



Fig. .M. Fin. 169. 

I manner, will be eidier dark or of the colour of the Bi 
ligbt. The diaineters of the successive ringn will be different fb 
each coloured light, being Renter for tbe more refrangible colouraj 
and tbe diameters of rings for the same colour wttl increase u 
thickness of the orjBtal is diminished. 

It is evident tbiit the ayatem of rajs produced bj whit« light 
results from the superpoaJtioa of the several syatems produced 
aeporatelj by the homogeneous coloured lights. 

Tbe white cross produced bj white light, when the ax.es of thft 
tourmalines are parallel, is in like manner produced b; the auper< 
position of aU the coloured croaseB produced bj the homogeneous 
lights severally. 

iSy. Otiier anl-azlal oeyataiM. — Phenomena analogous t 
these arc produced bj all crjRtals having a single axis of doubltf 
refraction, such na rock crystal, tcurmaline, zircon, ni 
soda, mica, hyposulphate of lime, apopbrllite, &c. In son 
however, the efiecta are modifieil by conditions peculiar 
species of crystal under examination. Thus, in the case of raclj 
crystal, the cross disappears, in consequence of the effect c 
circular polarisation, whicb we shall presently notice. In othef 
crjBtoU there appear to be different optic axes for lights of djfleri 
ent refrangibilities, which produce modifications in the a] 
of the rings and crosses. 

Of all crystals the most convenient for the exhibition of tl 
phenomena is Iceland spar. 

aSS. Bl-Bslal crratala. — Tf u pliile of nitrate of potash (n 
crystal having two axesi), with parallel miface* ent at 1' 
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angles to its optic axia, be placed in like manner betireen two 
plates of tounnatine cut parallel to tbuir axes, a seriee or chromatic 
appearances will be observed, which arc represented, in Jigs. 170., 
171^ and 171. 

If the aJies of the tonnnaliiies Are placed at right angles, the 
cr}rstaJ Itself being properl; placed between them, a dork cross 
(,fig. 170.} will be seen intersecting a double system of coloured 
rings, the common centres of which correspond to the poaiiioa of 
the two axes of the intermediate crystal. 

If the crystal be turned gradually round its centre between tlie 
tourmaline plates without deranging the position of the littter,'tbe 
cross will gradually assume the Ibriii of two hyperbolic curves, and 
the rings will change their position and tints as represented in 
^. 171- When the crystal has been turned through half a 
quadrant, the appearance will be that represented ia Jig. 171^ 
and aitsv which it will assume a form like that of J^. 171^ hut 
more inclined to the horizontal position ; and, in fine, when the 
crystal has been turned through a quadrant, the appearance will 
be that represented in j^. 1 70., the vertical arms of the cross, and 
the line joining tlie centres of the systems ol' c 
b^g, however, horizontal. 




X89. The carbonate of lead, another cryntal with two axes. 
pit* appearaiit'es analogous lo those of nilmte of potash. Tiiese 
W* represented in Jig. 173, 

290. Oolourcd bands prodaoetl tty an aente prlam of rook 

— If a piKce of roclt crystal be cut in the form of a prism 



witli a. very acute angle, one snrface forming the angle beia 
parallel to the optic ajiis, and the other therefore elightlj tnciinej; 




to it, a pencil of polarised light transmitted through it will 
hihit to the naked eye a series of alternated red and green friogei, 
provided the eye is plained at some distanee from the crystal, and 
the thickness through whicii tlie light passes does not exceed tbt 
{0th of on inch. These coloured b&nds are more vivid wbeK 
viewed through a plate of tourmaline, and it is easj to obserw 
that they attain their greatest brightness when the axis of tba, 
prism ia inclined at 45° to the plane of primitive polarisation. 

29 1. PoIaiiBliiK mtmcmre arttfiolally prodnced io itaM^ 
and otker medln — A doubly refracting and polarising structutff 
maj be produced in glass and other transparent bodies by luole- 
cular changes in their structure consequent on sudden changes tt 
temperature, and sometimes bj mere mechanical pressure. 

If a circular plate of glass, About an inch in diameter snd lulf 
an inch thick, he exposed to a high temperature by contact witkK 
heated body which is a good conductor, so that its temperatnn 
near the edges shall he higher than at the centre ; or if, on tlw 
contrary, it be raised to a higher temperature at the centi 
near the edges, it will exhibit the phenomena of rectangular 
and coloured rings, like those produced by doubly refract 

If, in this case, the plate be oval, it will exhibit apj 
indicating two axes of double refraction. When the plaU 
o au uuifbim tempetttture, Iheie appearances ceaae. 
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The«e phenomena are susceptible of infinite variatinn, according 
to the ahnpe of the plate, which amy be square, oblong, or of any 
other fomi. The disposition and form of the Iringes and rings 
wi]l tary with the form of the plate. 

A permanent doubly refracting and polarising structure maybe 
imparted to glass by raising it to a high temperature, and then 
cooling it rapidly, by placing it in contact with the cold surfaces 
of metals. The metallic surfaces, in this case, may be formed into 
atx infinite variety of fancy patterns, which will have the effect of 
producing corresponding optical effects of great beauty. 



Z92. KOMtlon of tlie pluie of palarlaatlon. — When a polar* 
ised ray of homogeneous light passes through a transparent 
medium its plane of polarisation generally maintains a constant 
direction, being .the same when it issues from the medium as it was 
when it entered it. Thus, for exauiple, if a ray upon entering a 
inedium have its plane of polarisation directed north and soutJt, 
tbe plane will continue to have that direcUon nhile passing through 
and aA«r issuing from the medium. Certtun media, however, have 
beea discovered which are endowed with the property of producing 
» continual change of direction of the plane of polarisation while 
tlie ray passes through them, imparting to it a uniform motion of 
rotMion round the ray as an axis, ho that if the ray be imagined 
to move through the medium with a uniform linear velocity, its 
I^Mie of polarisation will revolve round it with a uniform angulat 
velocity. Thus il' we suppose thaC whiie the ray passes through 
■ tUckness of a hundredth of an inch of ibe medium its plane of 
pcJarimtion turns through I*, it will turn through 2° in passing 
tllrough two hundredths of an inch, 3° in passing through three 
hundredths of an inch, and so on ; so that the plane would make 
one complete revolution in passing through ]6o hundredths of an 
Ineh, or 3 '6 inches. 

Ttiis phenomenon was called circuLir polaruatiurt, but more re- 
cently the name rotalory polarisation bus bocn given to it. 

193. SUbrent media have illBtoreot rotOitaTT power. — 
Tnuisparent media which possess this property are endowed with 
d lit diflerent tlegrees ; that is to suy, a my must puss through dif- 
Lt.tlti<^esseB of them to produce a given ohunge in its planq 



of polarisntioD ; or, what is t}i« same, the tbicknesaes which wot 
produce a complete revolution, of that plane are differeot for d 
ferent me<lia. 

294. Xlslit-IUBded BBd left-bBuded polarlsatian. — 
appears also that the direction of the rotation is not only different! 
for ilifTerent media, but sometimea for dlSereot specimens of tbft: 
game medium. 

When the rotation tttkes place in the direction of the motion e 
the hands of a watch, or of the thread of a right-handed screw 
the medium ia said to have ri^ht-handed polarisation, and if in tb 
contrary direction, left-handed polarisation. 

Z95. Different specimens of the same medium alwaya have tb 
same rotatory power, though the direction of the rotation maj' b 
different. Thus different specimens of rock crystal of equal tlud( 
ness vrill always turn the plane of polarisation through the BtuM 
angle ; one may turn it to the right, while the other turns it to Qi 
left. If a polarised ray pass through two sucb plates placed il 
contact, its plane of polarisation will suffer no change, (or it wil 
be turned as much to the right by one at it is turned to the left b] 
the other. If any number of plates of rock crystal of differenl 
thicknesses, some right-handed and some left-handed, be snperpoMd^ 
the polarised ray transmitted through tbem will be turned tliroi^ 
an angle equal to the difference between the sum of all the u 
through which it would be sepjiralely turned by the right-ha 
plates, and the aum of all those through which it would be ti 
by the [eft-banded plates. It will be tuiTied to the right o: 
left according as the sum of the thicknesses of the right- 
plates is greater or less than the sum of the thicknesses of the left* 
handed plates, 

296. Wt&taxorj polarlaatloii varies wltli re&aiiBlbUlV.— 
The rotatory power of a medium varies with the relrangibiliQ" ti 
the ray, and is found to be in the inverse proportion of thi 
squares of the lengths of the luminous waves. Thus th( 
of rotatory polarisation produced by a given medium o 
Igneous red light ia less than that which the same medium wonld 
produce on homogeneous orange light, and the latter is lesa tl 
it would produce on homogeneous yellow light, and so on. 

297. Keanlta or Blot's ezperlmentB. — In a series of expeti* 
mental researches which supplied n large proportion of the dui 
coveries made in this branch of physical optica, Biot ajcertoined 
the changes of direction produced by a plate of rock crystri 
haying the thickness of a millimetre upon the planes of polaru- 
ation of different homogeneous rays extending from one extremity 
to the other of the spectrum. I have reduced his resulu M 
EngUah measures, and- have computed the teveral ihicknesaea oi 
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ylane of polarisation. Tbeae are given in the following table, 
together with the lengths of the undulations in each cose : — 


1 


ExtrMMwdofUMton - - 

LKBliDrtbebiurindinJieo - 
UmiEi>rihiMiKligD>ndTl..li-i . 


VjSS: 




riSi 


"4~ 




i 
1 




ii 


•x, 

i 


; spears from the nutnbers (consigned tc) this tnhle that if a ray ol 

«flteriog the crjatal separate one from another, and their angular 
di*ergeDce will be augmented with the thiolineaa of the crystal 
tiiniugh which they pass. Thus In psesing through the tenth ol 
an inch the plane of potariaatlun of the extreme violet is turned 
(trough 111-91% while that of the extreme red is turned through 
mly 44'45°. These two planes, therefore, nfter the orrgind ray 
pHM» through a plate having the tenth of an inch tbiskneas, will 
Bwke with each other an angle of 67-+6°. 

boliu-isation of the extreme raya vraa only two-fifths of ttlifi' 
dittt b 17°. 

ta « my pasaiog through it, from which he inferred that this 
•Briety actually consists of alteruote strata of ri^t anil left 
huided quartz, whose planes are parallvl to the axis ol' double 

JOO- Oilier mmlla. — Qusrii, tbough the most remarkable 

tlw H)li(l media Imviug the property of roiatory polarisation, is no 
tJic only one. Sir John Henchel ascertained thni camphor ii| 
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tbe Boliil state hftg the property i and Sir David Brewster divi I 
cnvereil it in certain specimens of unonnealed ^' ~ 

Dove found it in ciitapre^sed glass. 

301. KotatoiT polarlBatl«ii of UqoKU.— Blot showed tllU 
tliia property belongs to a ^e]kt number of liquids, and those 
solids in wliich it cannot be otherwise traced exhibit it in a 
marked degree when they arc in a state of solution. 

I'o determine the rotatory polariaatiou of liquids they are ii^ 
eluded in brans tubes tinned on the inside surfaces and bttVlllg 1 
their ends closed by plates of plane glass. When a polarised T$f 
is transmitted along the axis of such a tube, its plane of pdsr' 
tion will be changed if the liquid have the rotatory prop 
and the angle through which it is turned will be alwaya 
tional to the length of the uulumn of liquid in the tube. 

In the case of solutions having diSerent degrees of conoei 
it is found that the extent through which the plane of poloi 
is turned increases with their strength, and instruments have tt 
constructed upon this principle by which the strengtb of « ~ 
is determined by their power of rotatory polarisation. 

301. niyslcal propertlea detected Iijr It. — Biot hi 
that by this means differences in the composition of bo^M'tl 
be detected which altogether escape the 1 
analysis. For exumpie, it is known that gur^ 
from various vegetable productions, such as the sugar u 
grape and most sorts of fruit, beet, carrots, and oth^ I 
Now the sugars produced from these several substances preMnHD 
the chemist no distinguishing characteristics. Subnutted to 
analysis, they give precisely the eauie canstituenta. Not to, 
however, when submitted to the test of polarised li^ht. If, for 
example, sugar made from the grape be dissolved ia water, the 
solution will be found to have left-handed polarisation, while ihe 
sugar produced from the sugur-cane has right-handed polarisa- 

fiiot has also shown that tLe rotatory polarisation of liquids, 
even in the case of the most concentrated solutions, is much less 
than that of rock (Tystal. Thus, for example, the concentrated 
solution of the sugar of the sugar-cane has a rotatory polarisatiiH), 
not more than the thirty-sixth part of that of the rock crystal. 

'In experiments on such liquids sensible eflects, there&re, CM 
only be produced by transmitting the polarised light through 
columns from H to iz inches in length. . 

303. Btuicbarlmetent. — In France, where a ditty is levied J 
upon the fabrication of augar made from beet, instruments calledfl 
taer.harimeters have been constructed upon thi« principle, 10 dehu 

aiiue the strength of the symp, in the som 
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used in England by the excise officer to deLermine 
the Btrengtb of spirits. 

304. Btof ■ rotatorr polorliinB apparatua. — This npparatus, 
which is a, niodi&ed aud Improvud iiirfii ol' that nith wliicli Biut 
uade the experimental researches above mentioned, consists of 
three principal parts: lat, the part d/f {Jig. 174-} by whit:h the 
li^ht ilt polarised ; znd, 00 the part which supports the substance 
on which the experlmenU; are mode; and, 3rd, the analysing part 
V by which the fllate of tlie niy is oscertoiiied, after it has passed 
through the transparent substance. 




The entire apparatus ia lined upon a base of ca 
I Kreweil down upon a strong lable of wo(k1. 

The polariaer diH consists of a lube terminnE«d 
I a circular diaphragm, and having attached 
I CTlTjing a square plate of blackeniid gif " 
I inclined at any desired angle to the axis 



each end by 

to it at d a frame 

mounted hd as to be 

of the tube dd\ a 



I be turned round that axis in the same manner as in the pnlsri- 
L Kopes already described. If llus jJate be inclined to the axis of 
[ the tube at the polarising angle prnper to glass, that is, at 35° 25'. 
f ll will polarise any raj incident upon it at the same angle, and 
L will reflect that ray along the axis of the tube di. 
' ia the stand by which the tube dd' is supported, a cradle-joint 
> !■ provided, by wiiich the inciinacion of the axis of the lube can 
[ be varied at pleasure. 

The apparatua for lupporting the substance tinder experiment 



230 OPTICS. 

consists of an Bngular bed or gutter, oo, supported on two ro4l 
p and q, which are provided with cradle-joints and other adjust 
ments, by which the inclination and elevation of oo can be adjusteit 
so as to bring the object in the direction of the asia of the tube (idS 

The liquid solution under experiment being containtid in a totN 
9neh 09 already described, this tube y is placed in the t 
groove of the support oo, and the apparatus is so arranj 
means of the joints and otbei movable adjustments provided )ni 
the supports of the rods p and q, that the direction of its a 
shall coinciile with that of the axis of the tube x. When this hif 
been accomplished, the polarised ray reflected by c along the ai 
oi X wiU be traoamitted through the solution along the axis of jr. 

The analysing apparatus z consists of a divided circle, /, bav i^ 
an index g moTahle on its graduated limb, as shown in the fr« 
view presented at fc. This index g is connected with a donli 
refracting prism, i, mounted in the centre of the circle, and 
small telescope is placed at i in front of the prism by which tl 
ray emerging from it can be more easily examined. When d 
index g is turned round, the prism turna round with it, and tl 
usual effect upon the polarised ray is produced, being e; 
at two opposite positions of the index, g, and being brightfflt J 
the two positions at right angles to these. This appamtus, Aen 
fore, ntll always determine the direction of the plane of polaria 
tion of the ray which emerges from the tube, y, while the poHtn 
of the polarising plate c will determine its direction before the ri 
enters y, and the difierence between these two directions will gii 
the rotatory power of the substance under experiment. 

When It is desired to aicertain the effect of the change of te 
perature of the medium under experiment, the tube contaiuiiu 
the liquid is immersed in a cylindrical healer filled with a 1 
liquid, represented In its transverse section at T. To plac 
heater, the angular groove OD is removed, and the heater will rest in 
Its supports. A (hermometer is immersed in the liquid c 
in the heater, by which its temperature, which is the sai: 
temperature of the liquid under esperlment, can be ascertained. 

It is obvious that if the object on which the experiment i 
made he solid, it can be easily placed in a convenient ]>baitioD ir 
the angular groove o o, or in various other ways between t' 
polariser and the analyser. 

In all experiments made with this apparatus It la necessary tl 
operate with homogeneous light ; for the different constittiesfc 
parts of solar or any other compound light, being suaceptihie 
l^erent degrees of rotatory polariaatinn, the planes of polarisMtiM 
if mcb component parts would, atler pasaing through the liquii' 
mfticlined to ekch other, so that the positionof the index ^.whic 
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wtnild extinguish EOme componect parts, wduld not extinguish 
others. The consequence of this would be that, by turning the 
handle, certain component parts of the incident light irould be 
extingniahed, while others would remain visible. The visible 
colours being, in the case of solar light, always complementary to 
tluMe which are extingoiahed. 

To obviate this iDconvenieoce, a disc of plane glitsa, coloured red 
by means of the oxide of copper, is set in the end d' of the tube i; 
this medium has the property of transmitting rod light, which is 
almost perfectly hnmogentous. 

305. lB«riietlo rotatory polarlaatloii. — In November 1 8^5, 
Professor Faraday presented a memoir to the Royal Society, in 
which he announced the discovery of the action of magnetism on 
polarised light ; thus, for the first time, establishing a connection 
between two physical influences, before regarded as distinct and 
independent, namely, the forces vhich impart undulation to the 
luminiferous ether, and those which call ioto play the phenomena 
of electricity and magnetism. 

Our limits prevent ua from entering into the details of Professor 
Faraday's important researches on this subject, for which we 
must refer to his publbhed work.* 

If a plate, about two inches square and half an inch thick, of 
the sort of heavy glass called, from its constituent parts, the sili- 
cated borate of lead, be laid upon the poles of an electro-magnet 
'uving the horse-shoe form, a polarised ray, transmitted through 
t in the direction of its length, -will suffer no change ao long as 
tile soft iroQ of which the magnet is formed continues in its un- 
magnetised state ; but the moment that 
BO electric current, transmitted throu^ 
the coils Biirrounding the horse-shoe (j^. 
175.), renders the soil iron magnetic, the 
direction of the plane of polarisation will 
be changed, and its new direction will be 
found in tbe usual way by turning the 
analyser, as in Biot's apparatus above de- 
' scrihed. The effect of the current, whai 
produced or discontiimed, is instantaneous. 
If the analyser be so placed that the ob- 
server sees the polarised hght transmitted 
through the plate before the current is 
ettablisbed, it will be extinguiahcd initantly upon making the 
eonneotions which transmit the current, and will instantly reappear 
II breaking these ci 
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li*, bj means of tbe commutator, the direction of the c 
reversed, the direction of the rotatory polarisation nill also be 
reversed, as is proved by the reappearance of the light being pro* 
duced, in the one case by turning the index of the aoalyser b 
right, and in the other by turning it to the left. 

The voltaic current used in this case was produced by five pail* 
of Grove's batteries, and the ■electro-mBgnets had a power suol^ 
that tbe poles would singly sustain n weight of from zSlba. b 
561bs. A person looking for the phenomenon for tbe first time' 
would not perceive it if a feeble magnet were used. 

The same pbeoomena were produced, though in a more feebls 
degree, by a good permanent horse'Shoc magnet, without tbe ii 
vention of any voltaic current. 

It wss also found, as in all other cases of rotatory polarisatioot 
that the angle through which the plane of polari-tation was turned; 
was proportional to the length of the glass tiirough which Iht 
ray passed; and that, cateria parihaa, the angle of rotaUon n 
proportional to the intensity of tbe magnetic force- 
It was ascertained that many other transparent media, b 
the particular species of glass above mentioned, acquire a similtVi 
property under the influence of magnetism. Transparent mediln 
which, without the intervention of magnetic force, have a rotatory 
power, Buffer a modlHcation of that power from the action w 
magnetism. If the natural power of tlie medium and the effect of 
tbe magnetic influence be both right-handed or be both left> 
handed, the nutgnetism increases the rotatory power j but if they 
have contrary powers, it dimintshes it. 

Transparent media, differing from each other m all other pro- - 
perties, chemical, physical, and mechanical, whether they be solid 
or liquid, acids, alkalies, oils, water, alcohol, and ether, were ■" 
Ibund to receive the rotatory |>ower, and in all of them the direc- 
tion of rotation was changed w5th the change of direction of tha 
current. The species of glass, however, above mentioned, wat< 
found to be by for tbe best medium for exhibiting the phenomena. 

Some further notice on the subject of magnetic polui»tioa 
nill be found in Hand Book, "Toltuc Electricity," Chap. XI 
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306. Or all tbe orgona of sense, that to wliicb we are most lai^el; 
indebted is unqueationably thh ete. It opeos to us the widest 
and most varied range of observation, The pleasures and advan- 
tages we derive from it, directlj and indirectly, have neither 
ceMBtion nor bounila. It guides our steps through tbe world ire 
' inhabit. It invests us with a space -penetrating power to which 
there seems to be no practical limit. 

Although this or^an, atrictlj apeeking, ia cognisant onlj of light 
and colours, yet, from an habitual comparison of eatubinations and 
)s of colour, and variatiooa of liglit and shade, with the forma of 
lies, as ascertained by the sense of touch, we are enabled, with 
the gieotest focilitj, promptitude, and precision, to recognise by 
tlie Right, the forms, magnitudes, motions, distances, and positions, 
not only of the objects which surround us, and which we can ap- 
proach, but also of those which are inaccessible. 

This vust range of observation, however, great as it is, forma 
bnt a small part of the powers conferred by the eye. We hove, 
beudes, the inestimable advanl4^B which arise from the ability 
it bestows upon ns to acquire knowledge through the study of 
books. It enables us to converse with and derive instruction from 
the most learned, wise, and virtuous of our own and all former 
■ges; and although those who have the misfortune to be de- 
prived of this sense can, to some small extent, replace it by the 
ear, aided by the eye of another, jet this, and all other expedients 
contrived for their relief, supply results infinitely small and insig- 
nificant compared with those which are obtained by the organ 
itMlf. 

Tbe eye, considered in itself, apart from its uses, is an interest- 
ing and instructive object. It affords beyond comparison, the 
it beautiful example of design, eiructure, and contrivance that 
\a be found in the animal economy. Nowhere do we find so 
remarkable an adaptation of moans to an end, of means consisting 
of the roost profound combination of scientific principles, and an 
end manifesting the operation of a will directed by boundless 
beneficence. 

^07. BtnietDTB of tlie erai — Tn the human race the organ of 
rtsion consists of two hollow spheres, each about an inch in dia- 
meter, tilled with certain transparent liquids, and deposited in 
cavities of suitable magnitude and form in the upper part of the 
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Iront of the Ekull, on each side of the nose. These cavities no. 
lined with soil matter, serving as a cuahion for the protection o 
the ejeballa, which can move freely in them, the aurfacea I 
lubricated by fluids eecreted in surrounding glands. The orgaHi 
are further protected from ext«rnal injury by the projecting bonat 
of the forehead above, forming the brows, the bones of the tea 
pies on tbe outside, those of the cheeks below, and those of tl 
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30S. Tbe motor mnaclei. — The eyeball is moved in tl>e S04^| 

BO as to be capable of being turned within certain limits in tj ' 
directions by muscleB inserted at different points of its surfluie. 
These are showo in jf^. 176., where the external bones of tlit 
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temple are supposed to be removed, in order to render visible tl 
muscular mechanism. The muscle I raises the eyelid, and i« ( 
sequently in constant action while we are awake. During si 
this muscle being in repose and relaxed, the eyelid folia and p 
tectB the organ from the action of light. The muscle 4 turns 
eye upwards, and 5 downwards, 6 outwards, and a correspondiiq^ 
one on the Inside, not seen in tbe 6gure, turns it Inwards. Therffl 
xre two others, z and I o, called oblitfue rmucUs, upon tbe e~ 
of which anatomists are not ngrced, but which are supposed ( 
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309. CotttB and btunonrs. — Optlo merre. — The form of tlM| 
6ye^^ Is nearly spherical, and the transparent liquids c 
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inclosed in a triple 



w*, nhiefa fill its internal cav 
membranous envelope. 

The external coat, called tbc sclerotica, upon which the mainte- 
nance of the form of the eje chieflj depends, ia a strong, opaque, 
toi^fa structure, composed nf bundles of strong white fibres, inter- 
lacing emh other in all directions. This membrane covers about 
fuor fifths of the external surface of the ejebalt, leaving, however, 
two circular openings ; a large one in tront, which is covered bj a 
transparent convex piece of nearl; uniform thickness, called the 
cornea, and a smaller one behind, which is the embouchure of the 
nerve called the optic nerve, which, proceeding backwards and 
upwards, and, parsing through foramina in the bones of the skull, 
terminates in the brain. It ia hj this nerve that the impressions 
made by external objects on the organ of vision are transmitted 
to the brain. It is represented a.t II, in j^. 176., cut off at a 
point where it passes through the bones of the skull behind the eye. 

3 1 o. OomeB. — The cornea is closely united at its edge with 
the corresponding edge of the circular opening in the sclerotica. 
It is slightly elliptical in its form, its horizontal being rather longer 
than its vertical diameter. Its external Burf4ice is more convex 
than that of the sclerotica, so that it forms a segment of a sphere 
smaller than that of the general siirfiLce of the eyeball. It there- 
fore projects outwards in front of the eye, rendering that axis of 
the eye which passes through its centre a little longer than the 
diameter, which is at right anglua t«i it. The cornea being of nearly 
uniform thickness, the concavity of its inner surface corresponds 
with the convexity of its outer, and gives the whole the character 
and form of a watch-glass, or a concavo-convex lens, whose surfaces 
have equal radiL 

jl I. Optlo Kxls. — In looking at an open eye, that part of the 




sclerotica which is uncovered is what is popularly called the white 
of the eye, and the cornea covers the coloured part. 

A ttaot view of the eyes and surrounding parti is shown in 
^A- 1 7 7 ■ * section of ibem, made b; a horizontal phuie through the 



r 



line A B paaaing through the centre of the front of the eyeballs 
being shown 'mjig. 178. 





Vit. 178. 

The Bclerotiea 19 shown at c d f b, and the cornea a' 

A line u t, drawn through ihe rentre of the cornea and tb« 1 

centre of the eyeball is colled ihe nptic axis, and the embouchure j 

: B of the optic nerve lies nt the distance uf ubi)ut the tenth of ui | 




inch from thix axis, between it and the nose. The optic n 
tbereSoret iwiiiitg &om tlie two ejreballa U tbe cornen^ b 
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behind the noae, proceed in a converging direction to the brain, as 
shown in ^. lyS. 

3 1 Z. Oonnectioii ivltb tbe brain. — The manner in which the 
globe of the eye is conneuted with the brain by the optic nerve, ia 
ahown in^. 179-1 where s is the ejeboU, the end of the optic 
nerve entering itd posterior purt, anil receding backwards from 
thence to the brain. The other nerves here repreiiented ua termi' 
n&ting in the eyeball are those which govern tbe motion of the 
several muacles shown in ^g. 1 76., which direct the movementa of 
the eye. 

Within the scleroliea, and in contact with it, is the second coat, 
called the choroid n, (^. ijS.), which is a dark-coloured vascular 
membrane, having openings before and behind corresponiling with 
the cornea and optic nerve, similar exactly to those of the 
Mlerotico. 

313. Xetlna, — Within (hia choroid 13 the third membranous 
coating (_fig. 1 7S.), called the retina, which is, in fact, thccontinn- 
atioa of the fibres of the optic nerve spreading over the chief port 
of the internal surface of the eyeball. 

The retina is a delicate, pulpy, and perfectly transparent mem- 
brane. It is spread over all the posterior and lateral parts of the 
iurfuce, terminating near the margin of the frontal opening 
covered by the cornea already described. 

314. CrratalUne. — Aa the frontal opening of the sclerotica is 
closed by the cornea, that of the choroid which corresponds with it 
in position is closed by a (ranspareiit double convex lens, colled the 
orgtUiUine lens, the axis of which coincides exactly with the optic 
axis, and which is consequently concentric with the cornea. It b 
set in the frontal opening of the choroid by means uf a series of 
converging folds of that membrane, which are called the ciiiar]/ 
ptveetitt. The annular surface forcned by these processes, and 
the crystalline lens which they surround and support, form the 
posterior side of a compartment in the front of the eyeball, sepa- 
rated completely from the larger compartment behind the crystal- 
line lens. 

This arrangement will be more clearly comprehended by the 
enlarged seci.lou of the front of the eye given in^. 180., where 2 
i» the sclerotica, 3 the cornea, Ir the crystalline len^ and 6 the 
ciliary processes. 

315. Xrit This compartment is partially divided by a thin 

flat annular diaphragm, culled tbe iris, the section of which is 
(hown at 7. This divides the space between the crystalline lens 
and tlie cornea unequally into two parts called the anterior eham- 
ber, o, and the patterior chamber, a'. 

The external or anterior surfckce of the iris 11 coloured blue. 



I 



black, or hazel, differently in different e;es, and is the part wlui^ 1 
seen through the traaspnreiit cornea, gives the charaoteru^e I 
colour to the eye. 




316. PnplI. — The circular opuninjj; nuvruuiKhd bj t 
is ualled the pupil, and is the space through nhiuli the light, ■ 
received through the cornea, is transmitted to the erystalliut! I 
lens. By this meana a pencil of rays ia admitted tn the cr^- 4 
lalline whoae external limits are determined by the edges af-% 
the iris. f 

The poaterior surface of the iris ia covered by a black pigment, i 
contained in a thin transparent membrane, cnlied the urea. 

Ja_fig. 181. a view of the ciliary processes, I, which su 
and support the crystalline lens ia given. That lens, hi 
being supposed to be removed, the converging folda of which thqr 
consist are shown, and the iris, z, is seen by tta dark posterior sur^ 
face through the apace filled by the crystalline, with the pupil, 3, in 
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;n from the Iront, the pupil appears as n black 
spot F (Jig. 177.), surrounded by the coloured ring of the iris, 
cauae every pun of the interior of the eye which could be *isi1 
through it it coloured black. 
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317. AquBona hamuar. — The compartment of the eye be- 

twecD the cnraen und crjatalline ia tilled nith a, truDsparent liquid 
colled tbe agueoju kumuur, which, us hi numu implies, is it iratei7 
fluid, holding in solution v^ry minute quantities of albumen and 
common salt. The aqueous Lumour is separated from the comes 




by as extremely thin transparent membrane, shown at II (^. 
180.), called the membrane of the aqueous humour, whieh, how- 
eyer, is represented much too thick in the figure. 

Tbe crystalline lens b (_fig. iSo.) is enclosed in a transparent 
capflute, and coDsists of transpari^nt matter, which increases In 
density and in its refractive power, proceeding from its external 
turface inwards and friim its edges to its centre. 

3 1 S. Vltreotu bnmonr. — The posterior compartment of the 
eye, cc i^Jig. t8o.), behind the crystalline which constitutes by 
farthelnrgest part of the internal cavity, is filled with a transparent 
liquid called tbe mtreoui humour. This is not in immediate contact 
with the retina, being enclosed in a fine transparent membrane 
called the hyaloid. 9, g, (Jig. iSo.) 

319. BreUda. — ComnnoUTa. — The eyelids are not in immc- 
duUe contact with the sclerotica or the itornea. A line mucous 
membrane called the ronfmictiva, which lines the inner surface of 
^e eyelids is reflected over the for« part of tbe sclerotica and the 
■aterior surface of the comea. A part of this membrane ie shown 
btection at I, I, In^. 180. 

320. BrabrowB and stber aceenorlea. — Some of the accm- 
■oriea provided for the protection nnd preservation of the organ of 
Tition bave been already noticed. The eyebrows across the edge 
of the projecting part of the forehead cntch the sweat descending 
from above, and prevent it from falling on the eyes, and aid in 
tbsding the eyes from too Intense light from above. Tbe eyelids 
tn movable screens, made so as to cover the eye or leuve it ex- 
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posed, as occasion may require. Glands are provided, by wW 
all the parts irhit^b move in contacC one with another are kept a. 
stantly lubricated. 

321. Vmnerloal data of tbe atmotiire. — The following I 
the principal numerical data connected with this organ : — 
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According to Sir D. Brewster, who has supplied the precedi 
indices of refraction, the focal length of the cryataliine is l'7j; 
inches. 

322. The Umlu of tike plaj- of the eyeball are oa foUowe: 
— Thi! optic axis can turn in the hnrizontal plane through an 
of 60° Ifiwards the nose, and 90° outwards, ^ving an entire hori- 
zontal play of 1 jo". In the vertical direction it is capabli 
turning through an angle of ^0° upwards and 70° downwi 
giving a total vertical play of izo". 

323. Vrodnotlon of the ocular imaKC. — The structure of tfa 
eye heing thus understood, ic will be easy to expluin the effec 
produced within it by lumiu-ous or illuminated objects place 
before it. 

Let UB suppose a pencil of light proceeding from any lumincni 
object, such as the sun, incident upon that part of the cyebw 
which is left uncovered by the open eyelids. 

That part of the pencil which falls upon the white of the eye, H 
(Jig. i77-)i '" irregularly reflected, and renders viable that pt 
of the eyeball. Those rays of the pencil which fall upon t 
cornea pass through it. The exterior rays fall upon the ait, 1 
which they are irregularly reflected, and render it visible. ^tlM 
internal rays pasa through the pupil, and are incident upon theci 
tillme, wJuch, being transparent, is also penetrated by (hem, £ 
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wbich the; poBs througli the vitreous humour, and finally reach the 
posterior Burface of the inner piirt of the eje, where they penetrate 
the'transparent retina, and are received by the bluck surface of 
the choroid, upon which they produce an illuminated spot. 

The aqueous humour being more dense than the external ur, 
And the Burfa,ce of the cornea, which includea it, being convex, rayo 
[)aBsiDg from the air into it will be rendered more convergent or 
less divergent. 

In like manner, the nnteritir surface of the crystalline lens being 
convex, and that humour being more dense than the aqueous, a 
further eimvergent effect will be produced. 

Again, the posterior surface of the crystalline being convex 
towarda the vitreoua humour, aod this lattw humour being less 
dense than the crystalline, another convergent efTectwilt take place. 
These rays, passing successively through these three humours, are 
rendered at each surface more and move convergent. 

314. ZaTerted ploture on tbe retina. — Tbe eye, therefore. 
fats the optical character and properlies of a rompound convergent 
lens, and will consequently tbrin, at some pomt posterior to it, an 
optical imago of any illuminated object which is presented before 
it It ia f d b h etive powers of the humours, and the 

fiirm of th ac s of ordinary visual power, are such 

tliat the p pa the organ is upon the retina at the 

pocterior b ity, which is filled by the vitreoua 

Itmnour, and nwq inverted optical picture of any dis- 

tuat objec p d bef h eye will be projected upon this part 
oTthe rcli a. 

325. ■xperlmental proof at Ita exlatenoe. — That this phe- 
nomenon is actually produced in the interior of the eye may be 
rendered e;tperimeii tally manifeat by taking tlie eyeball of an ox 
recently killed, and dissecting tbe posterior part, xo as to lay bare 
the choroid. If ihe eye thus prepared be fixed in an aperture ui 
k screen, and a candle be placed before it at a distance of eighbKn 
Vf twenty inches, an inverted image of the candle will be seen 
through the choroid, as if it were produced upon ground glass or 
mkd paper. 

Tbe plienomenon can be still more manifestly shown bj making 
ftn opening carefully at tbe upper part of the eyeball, so that the 
posterior part of the retina may be visible through the vitreoua 
tuunottr. In Ihia case the image of any bright object, such as the 
WiadoWt to which the optic axis may be directed, will be seen 
depicted on the retina. 

The uspiTiment may be more easily performed, according 
to tbe Rietbod suggestifd by Magendie, by means of the eyi; of any 
■nimwl, sucli u a white rabbit, in which tbe coats, from 
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tlie absence of pigment, are transparent. Such an eye being di^ 
sccted clean, and presented nith its axis tjjwords a wlndow.aTeiJ 
distinct imftge of the winilow completelj inverted will be i 
depicted on the posterior semi-transparent mdl of the oi^an. 

326. Bye aolkromaitlc. — That the e;e is sensibly ocbramatif 
is proved hj the fact that the objects wc behold are not edgei 
with coloured fringes, as is the case with all lenses which are not 
achromatic. But if, bj anj means, an object be seen oat of focui^ 
that is, so that ita image aholl fall either before or behind tiw 
retina, the achromatism ceases, and coloured frioges become appa- 
rent. The cases in which objects are thus seen out of focus vUI 
be presently indieat<!d. 

In the analogy observable between the forma and relative den- 
sities of the transparent humours which compose this organ, tha 
achromatic combination of lenses is too striking to be casual ; 
we are irresistibly impressed with the conviction that the COQiU* 
nation is made la be nearly acbromatic. The twc 
by the aqueous and vitreous humours, having the double conn 
crystalline placed between them of greater density than eitbe 
and the two former dilfering from each other in density, t 
to fulfd the conditions of achromatism in a striking manner; 1 
it is doubtless to this combination that is doe the apparent tt 
domfrom colour in the image depicted on the retina. ^^ 

327. Eye KpluiBtlo. — It is also evident that the eye is tfivi. 
natic, or exempt from any sensible spherical aberration, since n 
it were not, the images on the retina, and conseqnantly 
perception of the objects producing them, would be more or 
indistinct, which they are not. But if they are seen out of fbcuii 
as will presently appear, they become so. 

It is probable, as suggested by Sir David Brewster, that thg 
spherical aberration is corrected by the varying density of 
crystalline lens, which, having a greater refractive power near 
centre, refracts the central rays in each pencil to the same p( 
as its external rays. 

It apjiears, then, that the icnmediate cause of vision, and llie 
immediate object of perception in the aensorium when we see, is 
the image thus produced by means of^the refractive powers of 
the humours of the eye. 

3Z8. Otlier analovlea to an optfoal innnuneut It maj 

be here observed that the reaeorches of anatomists have shown 
the existence of many other provisions in the internal structura 
of the eye, which bring it into still closer analogy with optical 

Not only does the iris play the part of the 
phragm provided in telescopes and microscopes to intercept 
Jiteral rajs and all stray light (being, however, moie jier&ct 



phragm pre 



Bity ordinarj iliipbTagm, innsmucli bb it is capable of enlarging 
aad contracting the opening according as eircumstaneea require), 
but ita poateriar surface is coated, nitb a. block pigment, so that 
it cannot reflect the light which it intercepts. The poaterinr sur- 
face of the niliarj proceases ia covered with the same black pig- 
ment which coats the choroid, — a, provision which has the eome 
general effect in absorbing any r&js of light which maj be re- 
flected within the eye, and preventing their being thrown again 
upon the retina, so as to confuae the image formed upon it. The 
black colour given to the inner surface of tcleacopaa and micro- 
scopes is rcaorted to for a like purpose. 

329. CandtttanH of porfbot vla-tita. — In order to have perfect 
TJsioD, the following conditions must be fulfilled : — 

1°. The image on the retina must be perl'ecllj distinct. 

2°. It tnnst have sufficient magnitude. 

3^. It must be sufBuicntly illumimited. 

tinue on the retina for a sufficient length of t^me. 
the circumstances which affect these conditions. 
>r ttae InuKB. — Tlie image formed on the 
retina will be distinct or not, according as the pencils of rays 
proceeding from each point of the object placed before the eye 
are brought to an esact focus on the retina or not. If they be 
not brought to an exact focus on the retina, their focus will be a 
p(niit beyond the retina or within it. 

In either case the rays proceeding from any point of the object, 
nutead of forming a corresponding point on the retina, will form 
a spot of greater or less magnitude, according to the distance of 
the focus of the pencil from the retina, and the assemblage of such 
Juminous spots will form a confused picture of the object. This 
deviation of the foci of the pencils from the retina is caused by 
the refracting powers of the eye being either too feeble or too 
(trong. If the refracting power be too feeble, the rays are inter- 
cepted by the retina before they are brought to a focus ; if the 
refracting power be too strong, they are brought to a focus before 
they arrive lit the retina. 

3JO. The objects of vision may be distributed into two classes, 
in relation tn the refracting powers of the eye : ist. those which 
are at so great a distance from the vye, that the pencils proceeding 
ftorn them may be regarded as consisting of parallel rays; 2ndly, 
Uuwe which are so near that their rays have sensible divergence. 

It bus Ue&tx stated that the diameter of the pupil varies from i 
to ) of au inch in magnitude, the variation depending upon a power 
of dilatation and contraction with which the iria is endued. Taking 
the diameter of the pupil at its greatest magnitude of a quarter of 
■B inobt pencils proceeding from an object placed at the diatsnoe 
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of three feet from the eje wonld have an extreme divergeno 
unoaDting to about a third of a dcgtci! ; and if Che pupil be la it 
most coDtracted state when it« diameter is onlj one eighth of 
an inch, then the divergence of the pencils proceeding from i\ 
■n object would amDunt to about a sixth of a degree. It n 
therefore be coneluded that pencils proceeding fi-om all objecu 
more distant from the eje than two or three feet may be regftnled 
B2 consisting of parallel rays. 

The pencils of rajs, therefore, proceeding from all such objecti, 
will be made to converge to tte principal focus of the eje. 

331- OpUoal oeatre of Uia ^jre. — Sir David Brewster con- 1 
dudes that the optical centre of the eye, that ia to say, the pi 
at which the axes of aecondary pencib intersect the optic axi 
situate in the geometric centre of the ejeball, and consequently ■ 
must be a little within the crystalline. Jf, therefore, round tiJim 
centre we imagine a spherical surface described, whose radios il 
equal to the focal distance of the combinatiuo of the humouri of 
the eye, the image of all objects more distant from the eye thif 
two or three feet will be found on such a surface. Now, i~ 
retina is spread over the surface of the choroid, and aince the & 
of the eye is very nearly spherical, and its diameter but an ii 
it follows that the retina is a concave spherical surface, v* 
centre coincides with the optical centre of the eye, and is at * 
distance from that centre of about half an inch. If the distftoov 
of the retina from this centre be exactly equal to the focal dk^fl 
tance of the humours, then the foci of all pencils of parallel rayll 
entering the eye will be formed upon it, and consequently it wi"* 
receive distinct images of all objects whose distance from the q 
exceeds two or three feet. But if the focal distance of llMiB 
humours be less or greater, then, as already stated, the im 
the retina will be indistinct. 

332. Optical remedlea for defects In tba refra^tliiK p 
of the e^e. — The remedy for such a defect in vision is supplied 
by the properties of convergent and divergent lenses, already 
explained. 

If the eye possess too little convergent power, a conTcrgent leoa 
ia placed before it, which, receiving the parallel pencils, render* _ 
them convergent when they enter the pupil, and this enables iIm J 
eye to bring them to a focus on the retina, provided the powet offl 
the lens be equal to the deficient convergence of the eye. m 

If, on the other hand, the cionvei^nt power of the eye be \otM 
great, so that the parallel rays are brought to a focus before Uf*M 

' g at the retina, a divergent lens is placed before the eye, bTg 
13 of which parallel pencils are rendered divergent before th^l 
r the pupil; and the power of the lens is so adt^ted to t' 
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lioitTergent power of the eje, that the rajs ahall be brought to & 
fbcDs on the retina. 

The two opposite defects of Tision here indicated are generallj 
called, the ooe weak-sigktedness or Jar-aighledaesa, and the other 

If the objects of vision be placed bo near the eye that the rays 
compoaing the pencils which proceed from them have sensible 
divergence, then the foci of these rays within the eje will be at a 
diBtaoce from the optical centre greater than the principal focus. 
If, therefore, in this case, the principul focus fall upon the retina, 
the locus of rays proceeding Iroai euch near objects would fall 
beyond it, and consequently the image on the retina would be 
indistinct. 

333. AOaptatlon of tbe eye to different Olatanoei. — If it 
be admitted that the formation of a distinct picture at the pos' 
r port of the eye he essential to distinct vision, and that the 
ibcua of the eye be regulated by the same principles as that 
of a convergent lens, it will necessarily fullow diat, supposing the 
» be so constituted as to have its principal focus on the 
t, the toci of all pencils of divergent rays must necessarily be 
bdund the retina. Now, since all objects at less distances from 
die eye than two feet, transmit pencils sensibly divergent, the 
fbci a{ all such pencils being behind the retina, the picture on tlie 
tetina, and consequently the vision of the object, would be neces* 
isilj indistinct, and the less the distance of the object from the 
«ye, the greater would be the distance of the foci of the pencils 
behind the retina, and the more indistinct would be the vision. 

Nevertbeless, it is found, in fact, that eyes which are capable of 
dMnct vision at distances greater than two feet, are also capable 
of equally distinct vision at distances considerably within that 
limit. liius, most eyes are capable of distinct vision at the dis- 
e of Hght or ten inches, and many at even less distances. It 
Jitiut therefore be inferred either that there is in the eye such h 
jKlweP of voluntary change, as is sufficient to vary its convergent 
. power on the light transmitted through it, so as to bring forward to 
' e retina the foci of rays diverging from points at eight or ten 
ohes from i^ or, that it is so constituted as to bring all pendls, 
which have a divei^encti less ihau those proceeding from objects 
M ^hl or ten inches distance, to an exact focus on the retina, 
wiliioot any change in its form or in the state of its huniours. 

There is, perhaps, no point in physical science upon which mora 
divenity of opinion has prevailed than this. Some eniiuent 
jifajtiologists, anioog whom may be named De la Hire, Haller, 
Mj^endie, SimonolT, and Treviranus. have absolutely denied, as a 
I of fact, that the eye does undergo any change of form 
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Btate ID lauking at distant and near objects, and the lost-n 
of these philosophers hua professed to demonstrate that such a 
stitution of the humours is possible as would cau9e all the pendl^ 
■whose divergence varies within the supposed iimils, to come lA i 
focus on the retina. N^ot only, however, has the validity of thfl 
reasoning by which Treviranus supports his hypothesis been called 
in question, hut it has been demonstrated, as a matter of fact, tba 
the stats of an eye which »ees distinctly objects at eight inches a 
less distance, is different from the state of the same eye when it see 
distinctly objects at distances exceeding tvro or three feet. Thi* 
has been established by various experlmeots. 

334. axperlmental proof of valvntary ajljiutmeiit. — 
ne close one eye, and pliLce two needles in the directiou of the ai 
of the other, one at eight inches and the other at twenty-four 
inches distance, so as not actually to intercept each other, it vr"* 
be found that the eye cannot see distinctly both needles at the sai 
time, but that by a voluntary act it can render the vision of o 
or the other distinct. If by this voluntary effort the more disia ,^ 
needle is seen distinctly, the nearer one will be indistinct, and i£ 
on the other hand, the nearer needle be seen distioctiy, the nm"* 
distant one will be indistinct. 

It is clear, therefore, that the convei^nt power of the eje Ii 
varied by some action produced upon it; so that in t' 
brings rays which are sensibly parallel to a focus c 
while the focus of rays sensibly divergent is behind the retina; and 
that in the other case, the latter rays are brought to a focus v 
the retina, while the focus of the former is in Iront of it. 

335. Hntotbeaes vrbloli oxplaln tbla power. — It appeu% 
therefore, that the power of the eye to refract the pencils of ligU 
incident upon it. Is to a certain extent under the control of the 
will ; but by what means this change in the refracting power oft 
organ is made, is not so apparent. Various hypotheses have be 
advanced to explain it. According to some, the form of the ej 
ball, by a tnuscular action, is changed in such a manner as to i 
crease the length of the optic axis, and thus to remove the pasterJoF 
surface of the retina to a greater distance from the crystalline^ 
when it is necessary to obtain a, distinct view of near objects ; aod^^ 
on the contrary, to elongata the transverse diameter of the eyt^ 
and sboi'ten the optic asis so as to bring the retina closer to the 
crystalline, when it is desired to obtain a distinct v' 
objects. 

According to otht>rs, this change of form is only eflected in tba 
cornea, which being rendered more or less convex by a muscular' 
a greater or less convergent power to the aqueou; 
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According to others, the eje accommodates itself to difierent 
dUtances by the action of the cryBtalline, which is moved by the 
ciliary processes either towards or from the comeit, thus tratis- 
terring the focus of rays proceeding from it within a certsin limil 
of distance to and from the retina ; or, by a similar action of the 
cnliary proceaseii, the crystalline lens may be supjiosed to be ren- 
dered more or less convex, and thus to increase or diminish Its 
CODTergent power. 

336. Extent of the atljiutiiiaat. — To estimate these several 
hypotheses, it is necessary previously to ascertain what adjusting 
power the eye must have, to explain the admitted limits of distinct 
viuoD. CaJcnlaliung based on the known refraction of the organ 
■boWi that the principal focus is nine tenths of an inch from the 
centre of the cornea, and that the focus of a pencil diverging from 
k point four inches distant, would be an inch from the same point. 
A power of adjustment which would vary the focus at will, through 
a apace not exceeding the tenth of an inch, would therefore be suf- 
fioienl to expUin the adaptation of the eye to distinct vision at 
dififarent distances, und woulil show how it is that we see diatincClj 
distant and near objects, within the known limits of vision. 

The very minute amount of ibis adjustment supplies a saligrRC" 
tory answer to those physiologists who deny, as a matter of fact, 
uy such change iu the eye as woitld explain the phenomena. Il 
i* obvious thai achange so extremelyminute,can easily be imagined 
to elude all practical means of appreciation. 

Admitting, then, the existence of this power of adjustment, it 
remains to examine the several expedients by which it may be 
imagtniMl to be exerted. 

337- SUatatloii and oontroctlaii of tbe pnpU. — Eta «■«■. — 
Whatever be the other changes in the internal structure of the 
eye, it seems to be generally admitted, as a matter of fact, that the 
pDpil is contracted when near objects are viewed, and enlarged 
when the attention is directed 10 more distant ones. Such a 
flange of magnitude of the pupil must obviously be produced by 
the 6brauB structure of the iris ifig. 181.). 

Now this change of magnitude of the pupil is attended with two 
eonieiiuences, both of which are important. It has been shown 
IliU llie density of the light received Irom each point of any visible 
ol^ect decreases as Che square of the distance of the object in- 
creases- Consequently, the number of rays received from each 
Eint of a distant objeut within an opening of given magnitude is 
• in proportion to the square of the distance than the number 
received from a near object. To obtain sufficient light, therefore, 
from the more distant objects, is one of the purposes of the enlarge* 
meat of the pupil. 
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But onotlier efTect of the cbsTige cjf magnitude of the pupil ia 
corryaponding change of (hi* extent of the aui-face of the crystal- 
line, wbi;;h is exposed to the light proceeding from the object 
When the pupil is contracted, a.9 it is when the object ia near, the 
light passes through the central portion only of the cryEtalline) 
hut when the pupil is more dilated, the tight ia also admitted' 
through its hordera. 

33S. Its oomblnatlon witli tlifl vottIiik Oeiulty of iOm 
oryatalllue. — These circumstancus have been proposed by si 
as the explanation of the variation of the power of vision. It 
been already shown that the convergent power of the central p&rt' 
of an ordinary litns is leas than that of its borders. But if the 
material of which the ieos is composed vary in its density, so as to 
give a greater refracting power to the central parts, it may i>6' 
imagined that the convergent power of these may be greater tl 
that of the borders ; and if this be asaumed to be the case with Aft. 
crystttUine, it may be conceived that a distinct picture of neal!^ 
objects, might be formed on the retina by the central part of thof 
lens, while a distinct picture of distant ones would be forined by- 
its border. 

Admitting this, the contraction of the pupil would explain the dis- 
tinct vision of near objects, but its expansion would not so aatisfaC' 
torily explain that of distant noes, siuce the distinct picture fomed 
by the border of the lens would be rendered more or lesa confuMil^ 
hy the superposition of the indistinct picture formed by ita cenliw 
part. To this, however, it is answered that when two pictures of* 
the same object are presented, one distinct, and therefore satiafac-' 
tory, and the other coni'useil, and therefore unsatisfactory, ths 
former engrosses exclusively tlie attention of the mind, which ii 
altogether unconscioos of the latter. 

That such a mental phenomenon is in accordance with al 
the analogies offered by the experience of the senses will tx 
readily admitted. If the ear is affected by sounds, some of wfaid 
are distinctly articulated while the others are confused, we listen 
by prufi-rence to the former, and soon become unconscious of tbd 
latter. 

339. Brewster's experiments. — Sir David Brewster, ' 
whose researohea, more than to tLose of any other living philosoi^ier^^ 
science ia indebted fur the knowledge we poasesa of the ftinotiolil 
of the eye, made a aeries of experiments and obBervations with tf 
view to the solution of this question, from which he interred tba^ 
although the enlargement or (wntraction of the pupil does actually 
take place, according as near or distant objects are view ' ' 
not; itself the cause of distinct vision, but this effect v 
atcribed to some action which necessarily accompanies sndi T 
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fttion in the magnitude of the pupil. Me concludes that the eje 
adjusts itself to vision at different distancoa by two actions ; one 
depending on the wllj, and the other on the stimulus of light 
ailing on the retina, and that when the voluntary power fails, the 
adjustment may still be elTected by the Btimuliis of light. Aa to 
the peculiar action by which the adjustment is actually produced, 
be considers that it is nearly certain that the aame muscular 
action which contraets the pupil, brings the crjatalline lens closer 
to it, and consequently brings forward the focus to the retina. 

340. Volkmann'a oliieotlaii. — To all hypotheses which sa- 
cribe the adjuKting power of the eye to the mere enlargement or 
contTBction of the pupil, the objection advanced by Tolkmann is 
tauanawerable. This objection ia baaed upon the well-known fact 
tliat the pupil is enlarged or contracted according as the intensity 
of the light to which it is exposed ia decreased or augmented. If 
h were admitted that the enlargement of the pupil diminishes the 
omvei^nt power of the eye, and that its contraction increases that 
power, it would follow that with every variation of the intensity 
of the light surrounding us, objects would become distinct or in- 
dlstinot, which is not in accordance with facts. 

These hypotheses may also be set aside by the experiments 
made with an artificial pupil, consiating of a pin hole in n card. 
-IT the two needles placed at different distances, already mentioned, 
be viewed through such a pin hole, it will be found that the eye 
■tUI exerts the same power of adjustment by which it can see 
eiCher distinctly, although, the pin hole being less in magnitude 
than the pupil, no enlargement or contraction of the latter can 
bve any effect on the pben»uiunoii. 

341. Xilnilta of tli« power of adaptation to varyiag ai»- 
t«s«ei — Whatever be the pruvisions maile in the organisation of 
the eye, by which it is enabled to adapt itself to the reception of 
■dijerp^nt pencils proceeding from near objects, the power with 
irhich it is thus endued has a certain limit. Thus, eyes which see 
distinctly distaj:it objects, and which therefore bring parallel rays 
V) a focus on the retina in their ordinary slate, ore nut capable of 
fleeing dictiiictly objeuts brought nearer to them than eight or tea 
inches. The power of accommotlating the vision to different rays 
is^ therefore, limited to a divergence not exceeding that, which is 
determined by the diametu' of the pupil compared with a distance 
ef about ten inches. Now, as the diameter of the pupil is most 
contracted when the organ is directed to such near objects, we 
nay assume it at ita smallest magnitude, or one eighth of an inch, 
and therefore the divergence of a. pencil proceeding IVom a dis- 
trnoe often inches would he about 45'. 

il afj, thetefore, be pssumed that eyes adapted to the vision of 



diatajit objects, are in general JDcapuble of seeing distdnctlj objedtr 
from which pencils have greiiter divergenci: tbiui this, or, which i| 
die same, objects applied at les-s than tea or twelve inches from lh». 

342. Byea of nseble couverKSnt power. — In the < 

eyes whose convergent power is too teebla to bring pencils, pn*! 
ceeding from distant objecis, tc a focus on tbe retina, the; will b^ 
in a still greater degree, inadequate to bring pencils to a fiw 
which diverge from near objects ; aud couBcqucutl; such ejea w 
require to be aided, for near as well as distant objects, by thi 
interposition of convergent lenses. It would, however, be nea 
sary to provide lenses of different convergent powers £ 
and near objects, the latter requiring a greater convergent p 
than the furmer ; and in general tbe nearer the object viewed, I) 
greater the convergent power required from tbe lens. j 

343. Byea of ■tmnc oon-rercBnt power. — In the caae a 
eyes whose convergent power is ea great as to bring pencils pr» 
ceeding from distant objects to a focus short of the retina, sQI 
which, therefore, for such distant objects, require the interventJQI 
of divergent lenses, distinct vision will be attained without tfai 
interposition of any lens, provided the object be placed al auchl 
distance, that the divergence of the pencils proceeding from it Bbal 
be such, that tbe convergent power of the eye bring them to afocqj 
on the retina. ■ 

Hence it is that eyes of this sort ore called siorC-gighledf'hecaim 
they can see disUnctly such objects only, as are placed al the lUf 
tonce which gives the pencils proceeding from tbeui sudi a diT^ 
gence, that the convei^ent ponet of the eye would bring them to( 
focus on the retina. 

344. Vowor of lena required by defeetlTe eyes. — If it bf' 
desired to ascertain the focal length of the divergent lens, vrUdl 
such an eye would require to see distant objects distinctly, itil 
only necessary to ascertain at what distance it is enabled bi a 
distinctly the same class of objects without tbe aid of a lens, 
lens having a focal length equal to this distance, will enable Iheeye 
to see distant objects distinctly, because such a lens would give ths 
parallel rays a divergence, equal to tbe divergence of pencib pro- 
ceeding Irom a distance equal to its focal length. 

34;. sliort-alrbwl eyea. — Persons are said to be more ta 
less near-sighted, according ta the distance at which tbey are en- 
abled to see objects with perfect distinctness, and they accordingly 
require, to enable them to see distant objects distinctly, diverging 
lenses of greater or less focal length. 

As persons who are enabled to see distant objects dJstinctlj 
have the power of accommodating the eye so as to see objecti it 
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ten or twelve incheii' distance, sa short'Sighted persons bave a 
similar power of BccoiDinodation, bat within proportion idly amaller 
limita. Thus a short-sighted person nill be enabled to see distinctly 
objects placed at distuoces from the eye varying from three or four 
inches, according to the degree of short 'sightedness with whiuh be 
is afTected. 

346. CaoBCB of short slelit and Iddc stfflit. — The two oppo- 
rit« defeotB of vision which have been mentioned, ariaiog from too 
gnat or too Utile convergent power in the eye, may arise, either 
from a defect in the quality of the humours or in the form of the 
eye. Thus near-siglitedntss may arise from too great convexity 
in tbe cornea or in the cryst^line, or it may arise irom too great a 
dtff^ience of density between the aqueous bumour and the crys- 
talline, or between the crystalline humour and the vitreous, or 
both of them; or, in fine, it may arise li'om defects both of the 
form and of the relative densities of the humours. 

347. Imperfeot transpareiiDjr of tbe ItnniDiira. — In a cer- 
tain cisus ot maladies inuidentsi to the eight, the humours of the 
eys lose in a greater or less degree their transparency, and the 
crystalline humour Is more especially liable to this. In such coses 
Tttion is aometimea recovered by means of tbe removal of the crys- 
talline humour, tbe organ being thus reduced to two humours, tbo 
aqueous and tbe vitreous; but ss the eye owes in a greater degree 
to the crystallina than to the other bumours the convergent 
power, it is necessary in tbis cose to supply the place of the crys- 
talline by s very strong convergent leas placed before the eye. 

3^8. KxperimeDt of Bclielner. — By tbis well-known experi- 
ment a remarkably clear experimental analysis of tbe convergent 
power of the eye is obtained. 

Let two boles be pierced in a card with a tine needle, at a dis- 
tance from each other not greater than the eighth of an inch, and 
therefore less than the diameter of the pupil. Let tbe card be 
placed close to the eye, so tbat the middle of the interval between 
the boles shall correspond with the optic axit, and, consequently, 
with the centre of the pupil, and so that the line joining the boles 
•hall be vertical. Let a small object be then placed in the con- 
tinuation at the optic axis. The rays proceeding from this object 
, wd passing through the two boles will then fall within the pupil, 
and will be brought to a focus at some point upon the optic axis, 
either before, upon, or' behind tbe retba, according to the distance 
of the object from the eye and to the converging power of that 
DFgan. If the object be tnoved alternately towards and li-om the 
eye, tbe place of its distinct image will accordingly be moved on 
Itie optic axis, and in the same lUrectioii. so that it will alternately 
andrecede from the retina, and, in a certain position 
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of the object, its image will be upon tbe retbai Now, It will be 
found that there is ocJy one poaitJon of the object at which it will- 
be seen siogl; and distinctlj. At all other diEtances from the ejSr 
two images of it will be visible but indistinct, the line joining theni' 
being vertical. Ah the object is graduallyraovedfrora the position 
which gives a single and distinct image either towards or from tba 
eye, the two images formed will be observed to move grajiuaUy 
from each other in the vertical line, one ascending and the other 
descending, and to become more indistinot ia proportion as ibej 
are more separated. 

These remarkable phenomena are visible indications of what gos 
on within the eje, as may be ea.sily demonstrated. 

Let F f', O^- 1^2.) reprcseitt a vertical section of the opening; 
of the pupil, and let a and *' be the two holes ou the screen ; let i 
be the plaue of the object on the continuation of the optic axil 
when it is seen single and distinct. Let r & be the retina, and 
the distinct image of o produced upon it by the pencils diverging; 
from o, aiid rendered convergent by the humours of the eye. Ona 
of these pencils diverging from o piLises through the hole A, and. 




through the pupil at p, and is made to converge from r to o, tM 
other pencil diverging in liite manner from o passw tfacpu^ 



and through the pupil at p', and then, like the otber, converges 
to o, both pencils uniting to form tbe distinct image of o upon the 

But if the object o be moved nearer to the eje, as shown in 
J^. 1 831 ils image o would be formed behind the retina, and iLe 
TAys of the pencil o r, being interceplfd by the retina before arrir- 
tog nt o, would forui at a an indistinct image of o. In like manner 
the rajt of the pencil or', being simiiarlj intercepted, would form 
another indisdncc im^e of o upon the retinaata'. Theline join- 
ing the two indistinct images would be vertical. That the upper 
image a is that produced by the rajs passing through the upper 
bole \, ii proved by the fact that if the upper hole a be stopped, 
the image a will instantly disappear. In like manner, if the lower 
bole a' be stopped, the lower image a' will disappear. 

If the object o be gradually moved towards the eye, the place 
at which its image o would be formed will recede farther and far- 
ther behind the retina, and the distance a a* between the imi^es, 
■8 well as their indistinctness, would be proportionally augmented. 

If^ on the contrary, the object o be removed to a distance from 
the eye greaicr than that which is represented in Jig. iBz., its 
imi^e o will be formed, as shown in Jig. 184., in front of the 
retina, and the pencils so and p'o which converged from p and p' 
to o will diverge from that point, and will form two indistinct 
images, a a', on the retina, the line joining which will be vertical. 
Tim lower image a, will be that proiluced by the pencil passing 
through the upper hole A, as may be proved by the disappearance 
of a upon stripping the hole a. In the same way it may be proved 
that tbe upper image a' ia that produced by the liglit which passes 
through the tower hole a'. 

349. MacBltiule «f tlis ImBre On the retlntb — In order to 
obtain a perception of any visible object, it is not enough that the 
image on the retina be distinct, it must also have a certain magnitude. 

Let UK euppuae that a white circular disc, one foot diameter, is 
|ilaced before tbe eye at a distance of 57^ feet. The axes of tbe 
pencils of rays proceoding from auch disc to the eye will be 
included within a coue, wbose base is the disc, and who«e vertex 
i* in tbe centre of the eye. These axes, afl«r intersecting at tbe 
centre of the eye, will form another cone, whose base will be the 
image of the disc formed upon the retina. The common angle of 
the two cones will, in this case, be 1°. 

Let AUyJIg- 185,, be the diameler of the disc. I-et c be the 
centre of Urn eye, and let fra be the diamel«r of the image on the 
It is clear, from the perfect similarity of the triangles 
that the diamcier oi' tbe image ha will have to the 
iliimeter of the object b a the same proportion ta the distance a c 



of the retina from tlie centi 
object from the same centre, 
hftlf the diameter of the eye i 



■ c has to the distance Ac of tlie 
Therefore iii this case, sine 
but half an inch, and ihe diatance 



Fig. IBs. 

AC is in this cjtse supposed to he 57J feet, the magnitude of the 
diameter ba of the image on the retina vrill be found bj the fbl' 
lowing proportion : — 

afi:AB::^:57^xij=69a 
Therefore we have 



^jx.ii, 6_ 

690 690 
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The total magnitude, therefore, of the diameter of the image 
the retina nould in thia case be the T^^tb part of an inch ; jet suck 
is the exquisite! sensibility of tbe organ, that the object is ii 
case distioctly visible. 

If the disc were removed to twice tbe distance here supposed^ 
the angle of the cone c would be reduced to half a degree, 
the diameter of tbe image on tbe retina would be reduced to 
half its former magnitude; that is to aaj, to the Tinth part of m, 
inch. If, OD the other bond, the disc were moied towardg ths 
eje, and placed at half its original distance, then the angle 
the cone would be z°, and the diameter of tbe picture on the retina 
would be double its first magnitude ; that is to say, tbe ^.f^th of aa 

In general, it may thei'efore be inferred that the magnitude of 
the diameter of the picture on the retina is increased or diminished 
in exactly the same jiroportion as the angle of the cone c, formed 
at the centre of the eye, is increased or diminished. 

3;a. Timal tnagmltBde. —^ This angle is called the v! 
angle or apparent magnitude of tbe object; and when it is 
that a certain object subteoda at the eye a certain angle, it U 
meant that lines drawn from the extremities of such object to 
tbe centre of the eye form such angle. 

The apparent Tnagmtttde af an object must not be confounded with 
its apparent superficial magnitude, the term being invariably ajH 
plied to its liTtear magnitude. The apparent superticial magnitude 
varies in proportion to tbe square of tbe apparent magnitude. 

Thus, for example, when the disc a b is removed to double itt 
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origliial dutaDce from tbe e;e, the apparent ma^itude, or the 
angle c, is diminished one hait, and consequentlj the cliameter a b 
of the picture on the retina, is also diminished one half; and since 
the <^smeter is diminished in the ratio of z to l, the BUperliciBil 
magnitude of the image, or its are&, will be diminished in the pro- 
portion of 4. to I . 

31II. It is clear from what has been stated also, that when the 
ttame object is moved from or towo-nls the eye, its apparent magni- 
tude Vftries inversely as its distance ; that 19, its apparent magni- 
tode ie increased in the eame proportion as its distance is diminished, 
and nice nerla. 

It ii e»sy to perceive that the objects which are seen under the 
eame visual angle will have the same apparent magnitude. Thus 
let a'b', j^f. 18^., be an object more distant than a b, and of such 
ft magnitude that its highest point a' shall be in tbe continuation 
«f the line c a, and its lowest ))oint b in the continuation of the tine 
CB. The apparent magnitude of a'b' will then be measured bj 
tbe angle at c. This angle will therefore at the some time rcpre- 
tent the apparent magnitude of the object a a and of the object 
Mf »'. It is evident that an eye placed at c will see every point of 
the object a b upon the correspoiiiling points of the object a' b' ; 
to that if tbe object a b were opaq^ue, and of a form similar to the 
object a'»', every point of the onu would be seen upon a corre- 
tponding point of the other. In like manner, if an object a"ii" 
irere placed nearer tbe eye than a b, 90 that its highest point may 
tie upon the line c a, and its lowest point upon the line c b, the 
cibjeot, being similar in form to a d, would appear to be of the 
■une magnitude. How it is evident that the real magnitudes of 
tlie Uwee objects a" u", a b, and a' b', are in proportion to their 
respective diatauces from tbe eye ; a' b' is just so much greater 
tbiui A B, and A B than a" b", as c b' is greater than c b, and as c b 
U greater than c b". 

Thus it appears that if several objecls be placed before the eye 
in the same direction at different distances, and that the real linear 
magnitude! of these objccia ore in the proportion of their distances, 
tbey will have the same apparent magnitude. 

351. axunple of tbe >vn anil moon. — A striking example 
rf this principle is presented by the case of the sun and moon. 
These objects appear ii. the heavens ei[ual in size, the full moon 
being equal in apparent magnitude to the sun. Now it is proved 
by t«tn>nonucid observation that the real diameter of the sun is, 
in round numbers, (bur hundred times that of the moon ; but it is 
also proved that the distance of tlie sua from the earth is also, in 
round numbers, four hundred times greater than that of the moon. 
The distance, therefore, of these tw o objects being in the same pro- 
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portion 03 t1l(^i^ real diameter, their Tinual or ftpparent magnitudel 

353. It [s evident, from what lias been explained, that object) 
whicli have equal apparent magnitudes, and are therefore seen under 
equal visual angles, will have pictures of equal magnitude 
retina, a fact which proves that the visual angle is the measure of 
the apparent magnitude. 

354- If the same object be moved succeasively 
distances, its apparent magnitude will be diminishei 
proportion, exactly aa its diatanne from the eje is increased. Thu^ 
if t ti,^fig. 1 86., be such an object, its distance e u being eiipreraed 
bj D, and its height l m bj h, the visual angle i. E H, which 
suree its apparent magnitude, will be expressed, according to 
has been formerly explained, by -. If the object be now removed 
to double the distance y, m', the visual angle or apparent mt^ni- 
tude l' E m' will be expressed by —.which is just one-half-, 
the former visual angle ; and, in like manner, if the object be re- 
moved to three limes its first distance, such as e h", its visual 
angle or apparent mi^nitude wiji be — ^, which is one third of it< 
original apparent magnitude. 

*■ M M' M" 

Fig, i§6. 

353;. Apparent •aperfiolal magnitude — The apparent m«4 
perficiai magnitude of a body is determined by a sectiou of tl ' 
body mode by a plane nt right angles to the lines containing tl 
visual angle. Thus, the apparent superlicial magnitude of U 
Bun or moon is determined by a section of those bodies paninj 
through the points where lines drawn from the eye touching tl 
would meet them, which, in consequence of the great distance 1 
these bodies, would be a circular section through their centre 
and at right angles to a line drawn from the centre to the eye. 

356, Seotioii of Tlilon. — This cirele, in the case of the n 
or moon or other celestial object, is called the ciVcfe of tjimim ; and I 
a corresponding section of any other object drawn at right anglca 
to the sides of the visual angle would be called the iteHon o* 
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For aft distant objects, this section is a plane nt right nngles to 
die directioQ in which the object is seen. 

357. The amalleat iiitw»'ta1e> wbloti can be dlstlnotlT 
MMB. — If the circular disc A b (Jig. iS5<)i which we have sup- 
posed to be presenled before the eye at a distance of fifty-scTen 
and a baif times its owo diameter, and which, therefore, subtends 
at the centre of the eye a visual angle of 1°, be removed to a dis- 
tance sixty times greater, or to a iSistunce equal to 3450 times its 
ttwD diameter, it will subtend an angle at c proportionally less, 
which will tberefore be, in this case, an angle of one minute ; and 
if it be removed to double the la-tter distance, or 6900 times ils 
own diameter, it will subtend a visual angle of thirty seconds. 
Now it is found that if sueh an object be directly illummated by 
the son, it will be barely visible. This limit, however, depends aa 
well on the colour of the object as on the degree of its illumina- 
tion. Plateau affirms that a white disc, such as we have here sup- 
posed to be presented to the eye, if the light of the sun shone 
fully upon it, will be visible when seen under a visual angle of 
Cwdve seconds, or the one fifth part of a minute. The disc would 
nbtend this angle at the eye if placed at a distance equal to 
17250 times its diameter. 

He says also that if the disc, under the some circumatancea, 
were red, it would be distinctly seen until its apparent magnitude 
were reduced to twenty-three seconds ; and that if it were blue, 
the fimic would be twenty-six seconds ; but that, if instead of 
being illuminated by the direct solar light, it were illuminated by 
the light of day reflected fruui the clouds, these limiting angles 
would be half as large ngAlri. 

358. IMctliiOtiieaa of Vision compared wltli tbe maKiiltnCle 
Of tlia piotnrea on tbe retina. — Nothing can be more calcu- 
lated to excite our wonder and admiration than tbe distinctness 
of our perception of visible objects, compared with the magnitude 
of the iMCtuie on the retina, from, whicb iumiediatelj we receive 
nicll perception. 

359. If we look at the full moon on a clear ulght, we perceive 
wi&i considerable distinctness, by the nated eye, the lineaments of 

' I^bt and shade which uharacterise its disc. 

Now let us consider only for a moment, what are the dimenwons 
of the picture of the moon formed on the retina, from which alone 
we derive this distinct percepiion. 

The disc of the moon subtends a visual angle of half a degree, 
I and consequently, according to what has been explained, the din- 
meter of its picture on the retina will be ^ Jo^h part of an inch, 
and lliB entire superficial magnitude of the image from which we 
_ dcrire this distinct perception, is less than the siioat'' I>bi' of » ■ 
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of loud sounds, is more or less imeniuble to the Blight impreraoD 
made by loir Bounds ; whereaa its sensibilitj is raised I 
higfaeEt pitch after it has been surrounded for an interval w 
leas coDsiderable bj profound ailence. It is the same wi 
eye; the retina, afier expoaure to intenae light, is more i 
insensible to objects feeblj illuminated, but after it has con 
far BODie time !□ obscurity, it recovers ita proper sensibility, and 
such objects make sensible impressions upon it 

363. Brlt[l>t'i^*" of ocular ImaKO. — If two points from which 
light radiates be placed at the same distance from the eye, the 
brightness of tbeir image on the retina will be in proportion U 
their absolute brilliancy. But if either point be removed to i| 
greater distance, the number nf rajs passing irom it which entci 
the pupil will be diminished, in the same proportion as the squire 
of its distance is increased, and vice vend. It consequently fob 
lows, that the brightness of each point of the image of an objed 
formed upon the retina, will be in the direct proportion of the ab* 
solute brilliancy of such point, and in the inverse proportion of th< 
square of its distance from the eye. 

Thus, if I express the intensity of the light of the point upMl 
the object, and n its distance from the eye, then the brighti 
Dess of the image of such point upon the retina will be exi 
pressed by -^. 

It is therefore clear, that the brightness of the image of ei^ 
point of an object will be diminished, as the square of the diatsnotn 
of the object from the eye is increased. 

3 64. Apparent brlKtltneas tbe aame at all dlatanoes. — Jk 

is sometimes inferred from tliis, though erroneously, that llti 
apparent splendour of the image of tbe visible object decreases, a 
the square of the distance increases. This would be the case ii 
the strictest sense, if, while the object were withdrawn tram ths 
eye to an increased distance, ita image on the retina continued t4 
have the same magnitude ; for, in this case, the absolute brighl- 
nesa of each point composing such image would diminish, as tha 
square of the distance increases, and the area of the retina o 
which such points are diffused would remain the same ; bat 
must be considered that as the object retires from the eye tbt 
BuperHcial magnitude of tbe imnge on the retina is diminisbed it 
the same proportion as the sqiaore of the distance of the objeoC 
from the eye is increased. It therefore follows that whi] 
points composing the image on the retina are diminished i 
intensity of tbeir illumination, they are collected into a si 
space, so that what each point of the imagi^ on the retina loses in 
spl&idoar, the entire image guns b; concentration. 
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If the snn were l>roiight as close to the earth as the moon, itS 
Apparent diameter would be 40a times ffreater, and the area of its 
apparent disc 1 60000 times greater than at present, but the ap- 
parent brightness of its surface would not be in an; degree 
increased. In the same manner, if the aun were removed to ten 
timeB its present distance, it would appear under a visual angle 
ten times less than at present, aa in fact it would to au observer 
on the planet Saturn, and its visible area would be a hundred 
tiroes less than it is, but the splendour of its diminished area 
would be exactly the same as the present splendour of the eun's 

These consequences, which are of considerable physical im- 
portance, obviously foUoTC from Che principles explained above. 

The aun, seen from the planet Saturn, has an apparent liiameter 
ten times less than it has wben aeen from the earth. 

The appearance from Saturn will then be the same, as would be 
the ftppearance of a portion of the disc of the sun, seen from the 
earth through a circular aperture in an opaque plate, which would 
exhibit B portion of the disc whose diameter is one tenth of the 
whole. 

365. Wben the light which radiates from a luminous object has 
K cortaiu intensity, it will continue to affect the retina in a sensible 
muiner, even wben the object is removed to sucb a distance, that 
the visual angle shall cease to have any perceivable magnitude. 
The fixed stars present innumerableexamplesof this effect. Kone 
of these objects, even the most hrilliant of thom, subtend any 
sensible angle to the eye. When viewed through the most perfect 
telescopes they appear merely as brilliant points. In this case, 
theretbre, the eye is affected by the light alone, and not by the 
nugnitude of the object seen. 

366. Nevertheless, the distance of such an object may be iQ' 
creased to such an extent, that the light, intense as it is, will cease 
to produce a sensible elTect upon the retina. 

Seven classes of the fixed stars, iliminishing gradually in bright- 
DcM*, produce an effect on the retina such as lo render Ihem visible 
to a naked eye. This diminution of splendour is produced by their 
increased distance. The telescope, however, as has been already 
ftrf'-^. brings into view iuniimerable other stars, whose intrinsic 
■plendour is as great as the brightest among those which we see, 
but which do not transmit to the retina, without the aid of the 

■ ThB term msgnltnds is used in iBtronomy, m applied In the axed sttn, 
to express thsir ipparent brigbtnesa ; no fixed star, however aplendid, 
Mbtands any uurible aBsle. 
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telescope, enough of light to produce any aenaible effect. NeTer^ 
thelesB, it IB demon etmble that, even without the telescope, they d^ 
transmit a certain definite quantity of light to the retina; th« 
quantity of light which tlicy thus transmit, and which is insuffi- 
cient to produce a seosihle effect, haring to the quantity obtained 
by the teJeacope, a ratio depending upon the proportion of tilt 
magnitude of the object glass of the telescope t« the magnitudo tt 
the pupil. 

367. The quantity and intensity of the light tranamitted ErfM 
external object to the retina, which is sufficient to produce ■ pw- 

ception of such object, depends also upon the light received at ll 

same time by the retina from other objects present before the ey« 
The proof of this is, that the sajne objects which are visible ol ra 
time are not visible at another, though equally before the eye, u 
transmitting equal quantities of light of the Bame intensity to tl 
retina. Thus, the stars are present in the heavena by day as well 
as by night, and transmit the same quantity of light t< 
yet they are not visible in the presence of the sun, because tto 
light proceeding from that luminary, directly and indirectly re« 
fleeted and refracted by the air and innumerable other objects, it 
so much greater in quantity and intensity as to overpower thS 
inferior and much less inteose light of the stars. This case i 
altogether analogous to that af the ear, which, when under t' 
impression of loud and intense sounds, ia incapable of perceivni 
sounds of less intensity, which nevertheless affect the organ h 
same manner as they do wheo, in the absence of louder s 
they are distinctly heard. 

Even when an object is perceived, the intensityof the pi 
is relative, and determined by other perceptions produced at tl 
same time. Thus, the moon seen at night is incomparably moi 
splendid than the same moon seen by day or in the twiligh 
although in each case the moon transmits precisely the ean 
quantity of light, of precisely the same intensity, to the eye ; bil 
in the one case the eye is overpowered by the superior splendou 
of the light of day, which dims the cumparalivcly less intense light 
proceeding from the moon. 

36S. Ttie Imace miut continue a SDfflolemt time u 
rsUna to en&ble tbat membrane to prodaoe a poroepUoB a 
It. — It is proved in "Astronomy," Chapter XVI. p. .^.72^ Uu 
the velocity with which light ia propagated through space is at tli 
rate of about looooo miles per second. Its tran^ission, ihai 
fore, from all objects at ordinary distances to the eye may l 
considered as instantaneous. The moment, consequently, an 
object is placed before the eye, an image of it is formed on tl 
jetina, and (liis imag« ooivviBuea Uien imdl the ohiecl ii n 




^xperimentBllj that an object 
may be placed before the 
eye Cor a certnin definite 
interval of time, and that 
a, picture may be painted 
u[K)u the retinn during 
that interval without pro- 
ducing any perception or 
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p^e9enc^e of the object- 
To illustrate this, let a 
(.'ircular disc A B c s, _fig. 
1S7., about zo inches in 
diameter, be formed in 
i\ircl or tin, and let a 
circle i' n' c' d' be de- 
scribed upon it, about z 
inches leas in radius tlian 
1 the circle and the disc a xone 
i:titire zone be blackened, except 
the space a n h' a', forming about the one tirentieth of it. Let 
t&e ^sc thus prepared be attacbed to the back of a blackened 
I be capable of revolving behind it, and let a 
bole one inch in diameter be made in the screen at any point, 
bdiind which the lone a n c d is placed. If the diae be now 
J to revolve behind the screen, the hole will appear as a 
tivcolar white spot so long as the white space a h passes be* 
hind it, and wit] disappear, having the same black colour as the 
screen during the remainder of the revolution of the disc. The 
hole will therefore be seen as a white circular spot upon die 
black screen, during one twentieth of each revolution of the 
diac. If the disc be now put in motion at a slow rate, the while 
hole will be seen on the screen during one twentieth of each 
rflFoluticn. If the velocity of rotation imparted to the disc be 
gndually increased, the white spot will ultimately dttappear, and 
the screen will appear of a uniform black colour, although it 
n that during the twentieth part of each revolution, what- 
ever be the rate of rotation, a picture of the white spot is formed 

369. The length of time neceasory in this case for the action of 
li^t Dpon the retina to produce sensation may be determined by 
ascertaining the most rapid motion of the diso which is compatible 
with a distinct perception of tlie white spot. This interval will 
be foand to vary with the degree of illumination. If the spot 
b« ttrongly illuminated, a less interval will be sufficient to produc 
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a perception of it ; if it he more feebly illuminated, a longer 
terval wili be refiuireJ. The esperimenl maj be made bj varying 
the culour of the aprtce A h of the zone, and it will be found that 
the interval neceeaury to produce BeoBation will vary with the 
colour as well as with the degree of ill ami nation. 

370. Oonlar Bpeotra. — Since the perception of a, Tiaible ob- 
ject ia the effect uf a certain agitation of the retina, produced bfi 
the action of the light proceeding from snch object upon iti it fdlf 
lows that the sanie visible perception will be produced ; in othef 
words, the object will be seen, if, under any suppoaable circiim< 
Btances, the aame agitation of the retina should tate place in tb« 
absence of the object. Wlether the act of the memory, in recal« 
ling the perception of objects formerly seen, does produce in *aj 
degree, however faint, such an agitation of the retinii, would be a 
curious and interesting inquiry j but, meanwhile, it is oertuin tbi& 
there are cases in which the agitation of the retina, ni 
produce visual perception, does t^ke place in the absence of tbQ 
exciting object, and that deGnita visual perceptions are thui ic 
tuolly produced. Such perceptions are called ocuiar tpeetra. 

The most simpie and frequently recurring case of ooolsl 
spectra arises from what may be called the nervoua inertia of th< 
retina. That membrane does not cease to act at the momoDt o 
cessation of the cause which excites it, but continues 
for a certain interval ailer the removal of tbat cause :jiut as 
string of a violin continues to vibrato for a certain time af^tht 
removal of the bow. It follows that an object must con^ne \ 
be visible for a certain interval, more or less considerable, after 
baa been suddenly removed from before the eye. What we m 
(luring the interval cannot, therefore, be the object itself, and 
consequently an ocular spectruni. 

371. T&e dnratlon of ttie Impreulon on tbe Tetlas afti 
the removal of the visible objctt which produced it, varies accon 

ing to the degree of illuminntion, tl 
"' colour of the object, and son 
conditions. To illustrate thh 
mentally, let a circular disc, formed 
blackened card or tin, of twelve 
tburteen inches in diameter, be piei« 
with, eight hnlei round its circumfi 
ence, at equal distances, each hole bei 
about half an inch in diameter, aa 1 
presented in j^r. iSS. 

Let this di«u be attached upoa 

pivot or pin at its centre o 

blackened e-verywbere, except upon a oirou! 
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spot at V, corresponding in magnitude to the boles made in the 
circular plate. 

Let this spot be Erst supposed to be white. Let the circular 
disc be made to revolve upon the point o, 90 aa to bring the 
circular holes successively before the whEte spot at t. The retina 
will thus be impressed at intervals with the image of this cir- 
cular white spot. In the interva-la between the transit!) of the 
holes over it, the entire board will ajipear black, and the retina 
will receive no impression. If the disc be made to revolve 
with a very slow motion, the eje will see the white spot at 
intervals, but if the velocity of rotation be gradually increased, 
it will be found that the eye will perceive the white spot perma- 
naaHj represented at v, as if the diac had been placed with one 
of its holes opposite to it without moving. It is cvideut, there- 
ibre, that in this case the impression produced upon the retina, 
when any hole is opposite the white spot, remains untU the suc- 
ceeding hole comes opposite to it, and thus a continued perception 
of the white spot is produced. 

If the white spot be illuminated in various degrees, or if it be 
differently coloured, the velocity of the disc necessary to produce 
A OOnUnuoua perception of it will diifer. The brighter the colour 
and the stronger the illumination, the less will be the velocity of 
rolMion of the disc which is necessary to produce a continuous 
perception of the spot. 

These effects show that the stronger the illumination, and the 
brighter the colour, the longer is the interval during which the 
impression is retained by the retina. 

J71. VTbj we ara not aenallilv ot aarkneaa wben w« wink. 
— This continuance of the impression of external objects on the 
retina, after the light Irom the objects ceases to act, is also mani- 
ftaled by the fact that the continunl winking of the eyes, for the 
purpose of lubricating the eyeball by the eyelid, does not inter- 
cept our vision. If we look at any external objects, they never 
ceaae for a moment t« be visible b) us, notwithstanding the fre- 
quent intermissions which take place in the action of light upon 
die retina, in consequence of its l>eing thus intercepted by the 
^jelid. 

According to Sir David Brewster, the most instructive experi- 
nent on this subject, which requires a great deal of practice 
to be nude with success, is to look for a short time at a window 
at the «nd of a long room, and then suddenly to turn the eye to a 
dark wall. In general, a common observer will in this cose see 
• representation of the window on the wail, in which the dark 
htn of the sash will appear white, and the panes of glais dark. 

A prMtised observer, however, who mokes the observation with 
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great promptneaa, will see at tie moment his eje§ are turned 
the irall a correct repreaentatiou of the window. This 
ation wii! almost immediately^ 'be sueceeded hj the reversed p 
tiire just mentioned, in which the bars are bright and the pai 

373- If a lighted stick be turned round in a circle in a ds 
room, the appearance to the eye will be a continuoua circle 
light ; for in this cose the impression produced upon the relina 
the light, when the stick is at anj point of the circle, ia 
until the stick returns to that point. 

374. Tlaab or llg:btnliier. — In the same manner, 1 
lightning appears to the eje as a continuous line of light, becMVh 
the light emitted at anj point of the line remains upon the ret' 
until the cause of the light passes over the succeeding points. 

Any object moving before the eye with such a. velocity ' 
the retina shall retain the impreasion produced at one point in 
line of its motion, until it ps.sse8 through the other points, 
appear as a continuoua line of light or colour. 

375. 'Wlif an object moTliiB vrltb a sreat speed beooi 
Invisible. — But to produce this cfiuct, it is not enough that 
body change its position so rapidly, that the impression pro ' 
at one point of its path continue until its arrival at another;^ 
it is necessary, also, that its motion should not be so rapid, as 
make it pass from any of the positions which it sucoessivelj 1 
sumes, before it has time to impress the eye with a perceptten 
it j for it must be remembered., as has been already explained, A 
the perception of a visible object presented to the eye, thongs 
rapid, is not instantaneous. 

The object must remain present before the organ of vision s 
certain definite time, and its image must continue upon the retina 
during such time, before any perception of it is obtained. Now, 
if the body move from its position before the lapse of this time, it 
necessarily follows that no perception of its presence, therefore, 
will be obtained. If, then, we suppose a body moving so rapidljr 
before the eye that it remains in no poaitiim long enough to produce 
a perception of it, such object will not be seen. 

376. ftuuuple of a cannon ball. —Hence it is that the ball 
discharged lirom a cannon, passEng transversely to the line of vieion, 
is not seen ; but if the eye he placed in the direction in which tbs 
ball moves, so that the angulaj motion of the ball round the eye 
as a centre he slow, notwithstanding its great velocit;, it will 
be visible, because, however rapid its real motion through space, 
its angular motion with respect to the eye (and consequentlj 
that o( its picture on the retina) will be sufficiently alow to give 
the necessary time for the production of a perception of ' 
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377. ^nlokaea* of viston depenOa on ooloar, brtrlttDeaa, 
BBd maKnltttde. — The time tliiLS neceasarj to obtain the per- 
ceptiou of a visible object vuriea with the degree of illumination, 
the colour, and the apparenl; magnitude of the object. Tbe more 
intense the illumination, the more vivid the colour, and the greater 
the Apparent magnitude, the less will be the time neceesary to 
produce a perception of the object. 

If, therefore, the object before the eye be not auffieiently 
illmninsted, or be not of a. auffieiently bright colour to impreis 
the retina sensibly, it will then, instead of appearing as a aon- 
tiauoDS line of colour, cease to be visible altogether; for it does 
not remwn in any one position long enough to produce a sensible 
effect upon the retina. It is for this reason that a ball projected 
from a cannon or a musket, though passing before the eye, cannot 
be seen. 

378. If two railway trains pass each other with n certain 
velocity, 11 person looking out of the window of one of them will 
be unable to see the other. If the velocity be very moderate, nnd 
the light of the day sufficiently strong, the appearance of the pass- 
ing tr^n will be that of a flash of colour formed by the mixture 
of the prevailing colours of the vehicle! composing it. 

Au expedient bos okeody been described to shovr experimentatly 
tliat liie mixture of the seven prismatic colours, in their proper 
proportions, produce white light, depending on this principle. 
Th^ eoloun are lud upon a circular disc surrounding its edge, 
wfaicli they divide into parts proportional to the spaces they occupy 
in the spectrum. When the disc Ls made to revolve, each colour 
produces, like the lighted stick, the impression of a continuous 
ring, and consequently the eye is seniuble uf seven rings of the 
several colours superposed one upon the other, which thus produce 
the eJTect of their combination, and uppear as white, or a whitish 
grey colour, as already explained. 

J7C). s'AreT'a experiments. — M. D'Arcy found tliat the 
light of a live coal, moving at the distance of t6; feet, maintained 
ttB irapression on the retina during the seventh part of a second, or 
0'i3j''. Dr. Young found that the impression continued koi/ t 
second, or 0'5°; and. more recently, M. Plateau has found it to 
be very nearly the l/iird of a second, or 0'34'', being for 
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^nbe impression disappears with unequal rapidity: quickest ia the 
lea* qtuck in the gdlow, sliil less quick in the red, and 
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alowest in tbe blue. Hence the impreBsion is le&st intense la 
blue, and luoet intense in the white. 

380. The duration of the impreafiion also depends on the si 
of itluminntion of tha surroiinding space ; thiia the impresa 
produced b^ a luminous object when in a dark room is m 
durable than that which irould be produced bj the aune obje 
seen in an illuminated room. Tfaia laaj bs ascribed to tbe great 
sensitiveness of the retina when in a state uf repose than when i 
entire surface is excited by aurrounding lights. Thua it is it 
that while the varying daration of the impression of the illi 
Dated object in a dark room was one third of a second, its duratit 
in a lighted room wna only one fiixth of a seoond. 

381. Oontlnnauoe of peroeptioii depends on I 
of tlie impreaslon. — The cimtiQuauce of tbe visual impressic 
on tbe retina, will also depend on the inlensenesa with which A 
eye has been directed to the visible object previoua to its remove 
and on the length of time which it baa continued before the ej 
According! to Miiller, the duration of tbe spectrum will also | 
augmented by cauaing the light from tbe object previously to i 
renioval to act with intermission and not continuoualj, v ~ ' 
might be effected by the apparatus represented in _fiff. 1 88- 

3SZ. Bxpeiiment of Knller. — "If we gaze," aays I 
Miiller, " for a considerable time npon a body which preaentr 
continued motion of different parts of its surface in sucoesu 
tbe spectra left: on tbe retina have also an appearance of mot 
in the same direction, owing to their disappearing from the eye i 
the same order. This ii, in my opinion, the proper mode of e 
plaining certain illusory appearances of motion in objects. JS, bA 
looking for a long time at the undulations of a stream of wttti 
we suddenly turn our eyea to the ground at its margin, the grow 
itself appears to move in the opposite direction to the waves i 
the water. I have frequently remarked thia phenomi 
after gazing from my window upon the neighbouring ri 
directed my eyes to the pavement of the street. I observed j 
also when, being on board a steara-packet, and having looked C 
some length of time upon the waves which passed, I sudden 
turned my eyes towards the deck of the vessel. If we suppo 
that in these cases spectra were left in the retina by the impre 
aionaof the waves, and that they disappeared in the order in whli 
they arose, ibeiT successive disappearance, while looking upon tl 
fixed surface of the ground or deck, would necessarily canse I 
apparent motion of this surface in the opposite direction." • 

383. OpUol to^B. — Tlununstrope. — Innumerable optici 

MlUlar'a " fhjaiology," vol, iL p. 1180, 



sDd pyrotechnic apparatus, owe their effect to ttia continuance 
of the impreEsion upou the retina, when the object haa clisnged ita 

Amusing toys, colled thaumatropes, phenakisticopes, phanta- 
kopes, &c^ ore explained upon this principle. A moving objeet, 
rhich aasiunes a succession of different poeitiona in performing 
T^j action, is represented in the succeesive diyisiona of the circum- 
ferencG of a circle as 
in_;^. 1 89., in the suc- 
cessive positions it as- 
sumes. These pictures, 
by causing the disc to 
revolve, are brought in 

an aperture, through 
which the eye ia di- 
rected, GO that the pic- 
tures representing the 
fluoceasive attitudes are 
brought one after an- 
other before the eye 
at such intervals that 
the impression of one 
shall remain until the 
impression of the next 
is produced. In this 
iner the eye never ceases to see the figure, but sees it in such 
yaaoceesioQ of attitudes as it would assume if it revolved. The 
•fleet is, that tbe figure actually appears to pirouette before the 
The effects of Catharine 'wheels and rockets are explained ia 



384. Tbe pbenaklatoaoope, or maslo disc, an 
U. Plateau, is a beautiful insti-umenl, depending on the some 

Erinciple. It consists of a circular disc of pu3tcbuard, S or 9 inchei 
I duoaeler, having twelve rectiliuetu* slits or chinks in its mar^n, 
vUecd M eiiual distances, and in the direction of its radii. This 
'SHCan be made to revolve rapidly about its axis ; and if we look 
into a mirror through one of the chinks when it is revolving, tbejr 
will appear to stand still in the mirror, owing to the motions of the 
sbject and ita impge being equal and opposite. Had there been a 
figure beneath each chink, each ligrure seen in the mirror would 
be atationary. If the figures were 1 1 in number, in place of 12, 
the; would all appear to move in one direction : and if ihey were 
3, they would appeor to move in the appotite direction. If we 
suppose twelve gales to be drawn on a separate disc, smaller 
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than the miiin one, aad placed upon it so as not to interfere wit 
ila sliu, these gates will stand still during the revolution of tt 
disc. If we then place thirteen horses with their riders near tl 
gate, one horse just before he begins U> leap, the second horse witk 
its fore legs raised from the ground, and all the other horses ia 
the different positions of leaping, tilt the thirleentk liorae reschei 
the ground, the effect will be that each horse and its rider wiH 
come up to the chink through which we look faster than the glte; 
and as each gate an-iveg, the horse will have advanced ^th paB 
of .]^th of the circumference of the disc; that is, in one ooitf 
plete revolution it will have moved forward through -[Vth of tb 
circle. Had there been only eleven slits it would have r 
backwards. Now, cluring this motion the horse has takfl 
thirteen different positions iVi svcceision, and Iherefore leapa tk( 
gate. 

Id like manner, there are twelve hedgerows, with several houndl 
each of which is represented in thirteen different positions, so 
thej appear in the act of crossing the hedges, and we have e 
biteil before us a portion of a fox-hunting scene. 

It is obvious that if, inst^nd of a mirror, another pers<m whohi 
round in an opposite direction, and with the same velocity, • ' 
similar disc, the effect will be the same. The similar moIioB dt 
the two phenakistoacopes could be obtained bj machinery. 

Another instrument invented by Plateau, he calls Ilie AitoriUtt^ 
tcope, whieh, by means of two discs revolving with diSbrwt:, 
velocities, rectifies, or makes regular, and multiplies an extren 
shapeless and irregular figure. • 

3SJ. Condltlona wblcb determliie apparent motlOB. — 
appljing this principle to th« phenomena of vision, it must 
carefully remembered that the question is affected, not by tl 
real, but by the apparent motion of the object ; that is to say 
by the velocity with which the object really moves through s] 
but by the angle which the line drawn from the eye to the d _ 
describes per second. Now this angle is affected by two Oi 
ditions, which it is important to atl*nd to : 1st, the direct' 
the motion of the object compared with the line of vision i uk 
by the Telocity of the motion compared with the distance 
object. If the object were to move exactly in the direction ot 
line of vision, it would appear to the eye to be absolutely stal 
ory, since the line drawn to it would have 00 angular motion ; . 
if it were to move in a direction forming an oblique angle ' 
line of vision, its apparent motion might be indefinitely slow, b 
ever great its real velocity might be. 

* Brewster's " Optic*," p. ^i. 
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For example, let it he aupposed that the eye being ai 
object o moves in the direution o-o', so as to move 



Jn (me second. Taking b aa a centre, and bo as a radios, let a 
^Qrcnlar arc o o" be described. The apparent motion of the object 
'Will then be the same aa if, instead »f moving from o to o' in one 
fioad, it moved from o to o" in one second. 
The more nearly, therefore, at right angles to tbe line of vision 
■the direction of the motion h, tlie greater will be the apparent 
nodon produced bj any real motion of an object. 
- 386. Bov apparent motliiii !■ affeotett by OUtanoe. — A 
motioa which ia visible at one diatanee maj be invisible at anoLber, 
ssmuch as the uogulor velocity will be increased as the distance 
dimiiushed. 

Iliiu if an object at a distauce of 57J feet from the eye move 

, the rate of a loot per second, it will appear to move at the rate 

tloae degree p^r second, inasmuch as a line one foot long at 57J 

Seet distance subtends an angle of one degree. Now if the eya be 

Veuoved from such an object to a distance of 1 1 ; feet, tha appa* 

iwnt motion will be half a degree, or thirty minutes per second ; 

id if it be removed to thirty times that distance, the apparent 

otion will be thirty times slower. Or if, on the other hand the 

'e be brought nearer to the object, the apparent motion will be 

^celerated in exactly the same proportion as the distance of the 

ffe \a diminished, 

387. A cannon-ball moving at 1000 miles an hour transversely 

tlis line of vision, and at a distance of 50 yards from the eye, 

ifill be inviKible, since it will not remain a sufGcietit time in any 

position to produce perception. The moon, however, moving 

with more than double the velocity of the cannon-ball, being at a 

of 240000 miles, has an apparent motion so slow as to be 

imperceptible. 

maUoiu are Imperoeptllil*. — The angular motion 
«f the line of vision may be so diminialiud as to become imper- 
ceptible; and the body thus moved will in this cose appear 
. It b found by experience that unless a body moves 
manner that the line of vision shall describe at least 
degree in each minute of time, lU motion will not be per- 
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389. Thus it is that we are a 
of tlie firmament. If we loak 

night, they appear to the eje to be quieacent; but if 
them aft*r the lapse of son 
changed ; those whieh we 
meridian, and those whiL'h 
towards the hori^ion. Since 




that their positions ai 

the horizon being neai 
the meridian having des< 

that this change £ 



it take place suddenly, we infer that the entire lirmament n 
have been in continual motion round us, but that this motion b 
■0 slow as to be imperceptible. 

390. Since the heavens appear ti 
twenty-four hours, each object 01 
the rate of I 5° an hour, t 



iiDplete revolution in 



But e 



.e of one quarter of a d _ 
B perceptible to the eye whidi 



has a less apparent velodty thap 1° per minute, this motion of tin 
firmament is unperceived. If, however, the earth revolved o 
axis in six hours insteail of twenty-four hours, then the sun, m 
stars, and otber celestial objects, would have a motion at the nif 
of 60° an hour, or 1° per minute. The aun would appear U 
over a space e<)iial to twice its own diameter each minute, id 
this motion would be distinctly perceived. 

The fact that the motion of the hands of a clock u not jn 
caved is explained in the same manner. 

391. OOier oonlBi' apeotra. — Accldantal oolaor. - 
the ocular spectra which produce the various eft'ecta above i 
scribed, and which are precisely similar in form and colour fa 
actual visible impressions of the objects which produce them wl 



present before the eye, there 1 
character, and which have n 
and satisfactory manner. 
The effect produced by a 
a does not appear 1 



others 
been explained in 



a very different 
in equally cleir 



.Tongly illumioated imago formed on 
I be merely the continuance of tlw 
e perception after the image is removed, but also a certain 
[liminution of deadening of the sensibility of the membrane to 
other impressions. If the organ were merely afiected by the md- 
tinuance of the perception of the object for a certain time a^erit) 
removal, the effect of the immediate pereeption of another object 
on the retina would be the perception of the mixture of two coloura 
Thus, if the eye, after contemplating a bright yellow object, were sud- 
denly directed to a similar object of a light red colour, the effect 
ought to be the perception of on orange colour ; and this perception 
would continue until the effeut of the yellow object on the relim 
■would cease, after which the red objcot would alone be pereeivetL 
Thus, for example, a disc of white paper being placed upon ■ 
black ground, and over it a red wafsr which will esnctljr CO) 
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it, if, oloding one eje, and gating intently with the other for a 
few Beconds on the red wafer, tlie red wafer be suddenly re- 
mOTed so aa to expose the white surface under it to the eye, the 
effect ought to he the combination of the perception of red whicli 
continues alter the removal of the red wsier, with the perception 
of white which the uncovered surface produces; and we should 
consequently expect to see a diluted red disc, similar to that which 
would be produced by the mixture of red with white. This, how- 
ever, ia not the case. If the experiment be performed as here 
described, the eye will, on the removal of the red wafer, perceive, 
not a, reddish, but a greenish-blue disc. In like manner, if the 
wafer, inalead of being red, were of a bright greenish -blue, when 
removed the impression on the eye would be that of a reddish disc. 
The following is the explanation which has generally been given 
of this phenomenon : — 

When the eye is directed with an intensity of gaze for some 
tiine Bt the red surface, that part of the retina upon which the 
tmige of the red wafer is produced becomes fatigued with the 
action of the red light, and loses to some extent its aensibilitj to 
that light, exactly as the ear is deafened for a moment by an over- 
powering sound. When the red wafer is removed, the white disc 
bmeath it transmits to the eye the white light, wliich ia composed 
of all the colours of the spectrum. But the eye, from the previous 
action of the red light, is comparatively insensible to those tints 
irldoh form the red end of the speclrum, such oa red and orange, 
but comparatively sensitive to the blues and greens, which occupy 
the other end- It is therefore that the eye perceives the white disc 
M if it were a greenish- blue, and continues to pcreeive it until the 
retina recovers Ita sensibility for red light. 

The false colour produced by these means has been generally 
called an accidental colour. 

393. Miperfmenta of Sir B. Brewster. — The experiment 
above described may be varied by using wafers of various colours ; 
and it will in each case be found that on the removal of the wafer 
the aocidenlil colour or ocular spectrum produced will lie that 
irluch ia given in the second column of the following table, sup- 
[died by the observations uf Sir David Brewster : — 
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It follows, therefore, from the resalta ia the preceding table, Q 
the primitive and accidental colours are so related to eacli otho) 
that if the former be reduced to tbe same degree of intensitj H 
the latter, one will be the complementary colour of the other, ot) 
which is the aame, they will be so related that if mingled togethes 
they will produce white light. 

The experiment may be varied in the following manner : — 

If a small particle of red fire be burned in a dark room, so m 
illuminate all the surrounding objects with an intense red light, u 
itbesuddenlyextinguishedjtheeye willforatime see a green flaniei 
and this green flame will be visi ble whether the eye be open or cli 

If, on the other hand, a green lire be burned, it will be eacce 
by the perception of a reddiah light. 

If the eye be directed intently npon the disc of the sun at rii 
or setting, when it is red, on closing the eyelids a green solar i 
will be perceived. 

" The phenomena of accideutiil colours are often finely » 
when the eye has not been strongly impressed with any pnrticuM 
coloured object. It was long ago observed by M. Meosnie* 
that when the sun shone through a hole a quarter of an incfafi 
diunetjjr on a red curt^n, the image or the luminous spot wa 
green. In like manner, every person must have obaerved, in J 
brightly painted room, illuminated by the sun, that the parts Q 
any white object on which the coloured light does w 
the complementary colours. In order to see this class of p 
mens, I have found the following method the simplest ani 
best. Having lighted two candles, hold before one of them ft p 
of coloured glass, suppose briglit red, and remove the other cat 
to such n distance that tbe two shadows of any body formed u; 
a piece of white paper may be equally dark. In this case on 
the shadows will be red, and the other green. With blue glass, wit 
of them will be Hue, and the other orange yellow; the one haviay; 
invariably the accidental colour of the other. The very son 
effect may be produced in daylight by two holes in a windo 
shutter ; the one being covered with a coloured glass, and the otbi 
transmitting the white light of the sky. Accidental coloura iw 
also be seen by looking at the imago of a candle, or an; irhil^ 
object seen by reflection from a plate or surface of coloured g 
sufficiently thin to throw back its colour from the second surfi 
In this case the reflected image will always have the compter 
mentary colour of the glass. The same effect may be seen ut 
looking at the image of a candle reflected from the water in aUufl 
finger glass ; the image of the candle is yellowish, but the eiTeat 
is not so decided in this case, as the retina in not sufficiently iDi' 
pressed wJtb the blue light of the glass. 
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" These phenomena are obviouEly different from those whicfi are 
produced by coloured wafers ; because, in the present case, the 
nceidenta! colour ia seen by a portion of the retina which is not 
affected, or deadened, aa it vrere, by the primitive colour. A new 
theory of accidental coloiira is therefore requisite to embrace this 
dasa of facts. 

" As in acouBtica, where every fundamental sound is actually 
accompanied with ita harmanic sound, so in the impressions of 
l^ht, the lenaatioQ of one colour is accompanied by a veuker 
aenaation of its accidental ur harmonic colour.* When we look at 
the red wafer, we are at the same time, with the same portion 
of the retina, seeing jT'em ; but being much fainter, it seems only 
to dilute the red, and make it, as it were, whiter, by the corabina- 
tioit of the two sensations. When the eye looks from the wafer to 
die white paper, the permanent se nsation of the accidental colour 
remains, and we see a green image. The duration of the primitive 
imiveHian is only a fraction of a second, as we hare already shown ; 
' bat die duradou of the harmonic impression continues for a time 
pn^)OTtional to the strength of the impression, tn order to apply 
tbete Ttews to the second class of facts, we must have recourse to 
■nMiier principle; namely, that when the whole or a great part 
4f the retina has the sensation of any primitive colour, a portion of 
tlieretiDa proteAed from the impression of the colour is actually 
-diTOWD into that state which gives the accidental or harmonic 
colour. By the vibrations prubnbly communicated from the sur- 
ranndint:^ portions, the influence ol' the direct or primitive colour 
a not propagated to parts free from its action, excepting in tlie 
farticnlar case of oblique vision. When the eye, therefore, looks 
•t the white spot of solar light seen in the middle of the red 
light of the curtain, the whole of the retina, except the portion 
occupied by the image of the white spot, is in the state of seeing 
fiverything green; aud as the vibrations which constitute thi* 
BUte spread over the portions of the retina upon which no red 
fight falls, it will, of course, see the white circular spot green. 
'M, Fluleau, to whom we owe so many valuable optical obser- 
Yadons and instruments, has publiBhed au ingenious theory of ac- 
«ideiital colours, in some renpects the same, as he himself admits. 
.•• diBt which I had previously explained; in so far, at leact, as they 
bodi ascribe the accidental colour to an impression of a peculiar 
Batore spontaneously fienerated in the seat of vision, und not to 
^asy relative insensibility to certain rays. To tliis undoubted 
trutli, M. Plateau has added the following proposition: — That 
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wbile the combtriatioii of real aybmrt produces white, tbe comtiTiv- 
tion of accidaUal colours produces the contrarj t« while, or Unotj 
but I consider this pmpoiiiti'OD as a. mere verbal iUtaioH, ftnd tht 
phyaiciii fact which it expreaaes as long known, nnd aa the m 
sary result of our previnua knowledge. The tHaclaieit which k 
produced by the union, aa it were, of all tie aecidentat colours, h 
merely the aum of the insensibilitiea to all the coloura, or the 
inability t^ aee any colour, from tbe exhaustion of tbe eye. It 
cannot, therefore, be called an union of colours. It is the succei- 
aive deprivation of the power of seeing all the colours of tbe 
spectrum. 

" The following is M. Plateau's account of his general theoijffl 
When the retina Is submitted to the action of raja of any coku; 
it re^sts this action, and t«nda to resume its ordinary c 
with a force more or less intense. If it ia then suddenly n 
drawn from the exciting cauae, it returns to its ordinary conditio 
by an oscillatory movement, the intenaity of which ia proportioa 
to the duration of the previous action ; — a movement in virtue o{ 
which the impression passes at first &nm tbe positive to the H 
ti'iM atate, then continues generally to oscillate in a manuer i 
or leas regular, while it becomes weaker and weaker. Thla p 
ciple of a regular, or a tendency to B regular, oscillut«ry d 
ment, is not very consistent with the obliteration 'of the accidenta 
colour, temporariiy or permanently, by involuntary winking, \>f 
closing the eyes with difierent degrees of pressure, by digtendinf 
the eyea, and by a blow upon the head.* 

" A very remarkable phenomenon, in which the eye js not ex- 
cited by any primitive colour, was observed by Mr. Smith, sur- 
geon, in Fochabers, If we hold a narrow strip of white paper 
verticatly, about a foot Jrom the eye, and fix both eyea upon in 
object at some distance beyond it, so aa to see it double, then iT 
we allow the light of sun, or the light of a candle, to act strongly 
upon the right eye, without affecting the left, which may be 
easily protected from ita influence, the ^o/i-band atrip of paper will 
be seen of a bright green colour, and the n^Af-hand atrip of a red 
colour. If the atrip of paper is aufficiently broad to make the 
two images overlap each other, the overlapping parte will be pi>r- 
fectly white, and free from colour. When equally luminous cw>- 
dles are held near each eye, tbe two strips of paper will be white. 
If, when the candle ia held near the right eye, and the strips of 
paper are seen red and green, we bring the candle suddenly lo (be 
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left eye, the left-hand image of the paper will graduallj change to 
p-BCTi, and the right-band image to red," * 

393. TendeooT of tbe e^e to oompIementBrT' Imprea^ 
oiUi — From what has been here explained, it will be evident 
lat there in in the organ of vision a, natural tendency to the apon- 
meous production of that tint of colour which is complementary 
I tiie one by which tbe retina haa jnstbeen strongly excited, and 

may, therefore, be expected that an agreeable perception will be 
Irodaced by dispersing in juntapositiun complementary colours ; 
the eye in turning from one to the other la alwaya excited 
ry that tint which it ia predisposed to receive. And, on the other 
id, contraated colours which differ much from complementary 
» produce a disagreeable effect, tSie eye being as it were dlsap- 
ted in passing from one to the other. The chromatic relations 
ive BO obvious an analogy to musictU sounda that they have been 
lied harmonic, disharmonic, or discordant. Complementary co- 
nn are harmonic, and coloura not complementary, discordant. 

394. MumonlonB ooloim In art. — The principles result- 
g from these relations should never be forgotten in the art of 

teoration, whether of buildings, furniture, or dress ; and in Ikct 
hej are practically applied, though often unconsciously, by all 
enons of good taste. Thus, in dress, red will accord with green, 
lac with yellow, or blue with ora-nge. In drapery, an orange 
Knge upon a blue stuff is rich and beautiful, while a light yellow 
ipon a blue, or a blue upon a red, ia hideoua. A lady will throw 
I scarlet shawl over her shoulders wlen she wears a green dreas, 
it never with a yellow one, 

39 J. \niT visible ob]eoM do not appear Inverted, — A 
ti^culty has been preaented In the explanation of the functions of 
eye to which, as It appears Ui me, undue weight has been 
«. It has been already exphtined, that the images of external 
tbjeots which we depicted on the retina are inverted ; and it haa 
icoordingly been asked why visible objects do not appear upside 
The answer to this appears to be extremely simple. In- 
is a relative term, which it is imposaible to explain or 
rven to conceive without reference to something which ia not, in- 
Ferted. If we say that any object ie inverted, the phrase ceases 
o bare meaning unless some other object or objects are implied 
rlucti are erect. If all objects whatever hold the same relative 
> can be properly said to be inverted ; as the world 
upon its axis once in Iwentj-four hours, it is certain that 
position which all objects hold at any moment is inverted with 
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respect to that which they held, i z hours before, and ta litaX wliiS 
they nill hold 1 2 houra later ; but the objects as they a 
plated nre always erect. In fine, since all the images pi'oduced upon 
the retina hold with relation to each other the same position, noi 
are inverted with respect to others ; and as such images alone « 
be the objects of vision, no one object of vision can be inverted will 
respect to any other object of vision ; and, consequently, aJ 
eeen in the same position, that position is caJJed the erect positioo. 

396. nireottaii In wbieb sbjeeu i 
rection of any point in a visible object is that of a straight line 
drawn from that point to the eye of the observer. The appareii 
direction of such a paint is the direction in wbivh it is seen. Now,' 
it bj no means follows that these two directions are identical, an 
in pobt of fact there are many circumstances ixnder which tbe,^^ 
are tc)ts.lly different ; as, for example, when the rays proceeding firoB 
the object are received upon and reflected by an oblique mim; 
before arriving at the eye. Bat since the rays which render an id 
ject visible in passing through the transparent structure of tbe vj 
are refracted and bent out of their course before arriving at <ll»^^ 
retina, it will be necessary to ascertain whether, by such deflefltMO 
they are not turned aside from their proper direction in nidi 
manner as to make the object be seen in the direction of a 111 
diflerent from that which joins the object with the eye, or, 
words, to render the apparent different from the true direction, 

~ mprebend this question clearly it will be necessary tl 



consider th 



o. Jig. I q I ., is rendered 




visible (so far as they are external to the eye) conai 
vei^ng conical pencil, whose focus is the point o, and whose b 
is that part of the crystalline lens tfi which the light is 
by the pupil, the diameter of which is repreaentetl by p 1 
pusaing through the crystalline the rays form a convergent p 
hiving the same base, whose diameter is e r', and having its fi 
■^011 the retina. All tht tajs eom^oawi^ v\i\i toiwcT%*.tA ^ 



THE EYE. 



279 



>' unite in prodacing the perception of the point o by their 
GOmbined action. But aa these conrerging rtijs hare severally 
Krj difierent directions, one odIJ) a' o, having the true direction 
[if the object, it may be asked bow it comes to paas that the 
ippuent direction of the object should be that of this particular 
^j rather thau that of any other of the numcroua rays composing 
Ihe pencil ? 

The answer to this questiuQ bj a priori reaaoning, would involve 
Jiysiological pointa not compatible ivitb theobjectsof this volume. 
But it is easy to show aa a matter of fact that each 8eparat« ray 
tomposing the converging pencil ro'r' produces the same im> 
preasion as to the direction of the visible point o, as does the ray 
8*0, which coincides with the true direction of the object 
I To establish this, let a card or anj similar opaque plate be held 
before the pupil so as to intercept all the rays of the peocQ p' o r, 
{izcept those which pass to the higLest point p of the pupil. In 
Hwl case the ouly rays which will strike the retina will be those 
irliich have the direction po', and iL might therefore be expected 
lutt the point o would be seen, not in its true direction o' o, but in 
he dii«ction o' p a', just as though the ray p o were reflected by « 
nirror placed at p parallel to o' o. Such, however, will not in 
M be the case, but, on the contrary, the point o will be seen In 
la true direction o' o, notwithstanding the verv different direction 
f the ray o' p by which the retina is excited. 

Thus, it appears, aa Sir David Brewster justly observes, that 
)ie line of diirection In which the abject is seen does not depend 
fa the direction of the ray which produces vision, cither before or 
ifter it passes through the pupil. 

If the refracting apparatus of the eje could be regarded as 
^uivkleot to a convex leua of inconsiderable thickness, the appa- 
rent Erection uf each visible point would be that of a line drawn 
ton the point itself to its imt^e on the retina. But since this ig 
Kt the case, the line joining any point of an object and its image 
kn lite Ktina will not pass through the centre of the lens, but 
tltmugh t point behind the lens coinciding very nearly with the 
geometrical centre of the eyeball. 

. When the risible point is situated in the direction of the Oplio 
ku>i ila apparent direction will be rigorously coincident with its 
txtK direction. But when it is removed more or less from the 
direction of the optic axis, so that tbe pencil pop' fatb obliquely 
pn the crystalline lens, the converging pencil p □' p' will alau be 
tblique, and in that case the apparent direction of o will nut be 
rigorously coincident with its true lUrectiun, and there will be a 
levtk^oii which ma; be called oaUar parallax; but this has been 
ijlfi bj Sir David Brewster to be so exceedingly minute in 
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quBDtitj as to produce do apprecmble effect in the pti« 
Tiraon ; so timt for all practical purposes, it may be stated that the 
apparent and true ilireotiona of oil visible objects are IdentiuDl, and 
ibat these directions olirajs pass through the centre of the ejebalL 
If the optical centre of the eje were not at the centre of tlw 
eyeball, the direction of this line of apparent direction would bg 
changed with every movement of the ejeball in its socket; 
such movement would cause tlie optical centre to revolve round 
the centre of the ejeball, and consequently would cause the liM' 
drawn from the optical centre to the object to chnngi 
The effect of this would be that every movement of the eyebill 
would cause an apparent movement of all visible objects. Now, 
since there is no apparent motion of this kind, and since the apps- 
rent position of external objects remains the some, however the 
eye mvy be moved in its socket, it follows that its optical cc 
must be at the centre of the eyebnll. 

397, WliT tliemotloiiof tlie eyeball dou not pr«dnoe 
apparent motion In tlie obJe'Ct neen. — Since lines drawn froa 
the various points of a visible otject through the centre of the eye' 
remain unchanged, however the eyeball roaj move in its s( ' ' ' 
and since the corresponding points of the image placed upon 
lines must also remain unchanged, it follows that the position 
the image formed on the eje remuns fixed, even though ihe 1 
ball revolve in the socket. It appears, therefore, that when 
eyeball is moved in the socket, the picture of an external objest 
remains fiaed, while the retina moves under it just as the pi ' 
thrown by a magic lantern on a screen would remain fixed, 
ever the screen itself might be moved. 

Thus, if we direct the axis of the eye to the centre o, ^. 191.1 
_ of any object, such as xb/ 

the image of the point V 
will be formed al 
retina, where the opticil 
meets it. Tb» 
Fig. 19c. axis of the pencil of ray» 

which proceed from thk 
point <i will pass through the -centre of the cornea d, through the 
aJtls of the crystalline, and through the centre c of the e 
and the image of o will be formed at 0. 

Now, if we suppose the eye to be turned a little to the left, c 
that the optical axis shall be inclined lo the line oc at the aogl 
n'co, the image of the point o will still bold the some absolut 
position o as before ; but the point of the retina on which it wi 
previously formed will be renaoved to 0'. The directioo of (h* 
point o will t>e the same as befure ; but the point of the r ' 
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rbieh its image nill be fanned will be, not aC the extremitj of the 
iptic axis, but at u distance 00' from it, which distance subtends 
it the centre c of the eye, an angle equal to that through which 
' D optic axis haj been turned. 
It is evident, therefore, that although tbe eye in this case be 
oved round its centre, the point o is still seen in the same direc- 
nn w before. 

But if the optical centre of the eye were diflerent from the 
mtre of tbe eyeball, the direction lq which the point o would be 
en would be changed by a change of position of the eye. 
To render thia more clear, let c, fig. 193., be the centre of the 
eyeball, and c' the optical 
centre of the eye. Let 
the opUcal axis c d, sa be- 
fore, be fiwt preBented to 
tbe point o of the object, 
The image of this point 
pll, u before, be formed at o, tbe point where the optical aiia 
) meets tbe retina. Let us now suppose the axis of the eye to 
turned aaide through the angle scu', tbe optical centre wiU 
m be removed from c' to c", and the image of will now be 
iiniied at the point 0", where the line oc'' meets the retina. The 
Erection, therefore, in which o will now be seen, will be that of 
le line c" o, whereaa the direction in which it was before seen 
u that of the line Co. The point of the retina at which the 
Mge was originally formed is removed to 1/, while the image 
renwved t« o". Thus there is a displacement not only of the 
■tina behbil the im^e, but also an absolute displacement of the 
id on absolute change in the apparent direction of the 
Since no such ebunge in the apparent direction is cunse> 
[oent upon the movement of the eye in its socket, it fiillciws that 
opt.icol centre c' of the eye must coiocide with its geometrical 

,98. rorAmaen eentrale and Itmbiu Inteiu, or j-ellow apot. 

■-That part of the retina which immediately surrounds the point 
which the optic axis is directed, is attended with several 
ances which, though they are more anatomical than opti- 
■1, ought not to be passed over here. 
The point where the optic axis meets the retina is the centre of 
circular yellow spot, called the livtinu hiteiu, the radius of which 
■bout the sixteenth of on inch. In its centre, and therefore at 
le extremity of tbe optic axis, is what bm the appearance of a 
iaule hole, and has accordingly been called from its discoverer, 
m/oramett tentnUe of Soemmering. It is, however, considered 
r anktomists that this is not a real opening between the vitreous 
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humour and the clioroid, iaasinach as a lajer of vasctilar u 
covers it, ihe opening being only in the meduilBrj substance irf 
the fetiiia. at that particular point. 

The distance between the for amun centrals and the centre of ih*. 
embouchure of tlic optic nerve is about the tenth of a 
since the radius of the yellow spot is the sixteenth of an incl^ 
it fotlowa that the edge of the yellow spot is about the twenty* 
seventh of an inch frum the centra of the optic nerve. 

Taking the radius of the concave spherical surface formed hf 
the retina to be half an inch, i" upon it will correspond t 
1 IJth part of an inch; and, consequently, the angle subtended by 
the seniidiameter of the yellow spot at the optical centre of the 
eye will be 7°, and the angle aubtended by the dial 
theforanien centrale and the centre of the embouchure of tkeoptie 
nerve will be ll^°. 

399. Kocal aeiulbllltT of the retina. — The sensitiveness of 
that membrane is not the same at all points. If we direct the 
optic axis to any point upon a distant object, a certain extent of 
that object surrounding the point to which the optic axis is (" 
rected will be visible, but not with a uniform vividness and di 
tinctnees. The point to which the axis is directed will be sa 
with greatest distinctness, and Ihe surrounding points will be 
perceived with less and less distinctness, as they are mo: 
from this central point, until they altogether disappear. 

The extreme mobility of the eye, and the subtle and u 
scioua actjon of the will upon it, render it extremely difficolt ta 
keep the axis fined upon a certain point while the visual p 
tion of the surrounding points is attempted to be observed. 
moment we desire to ascertwi to what visual distance on any 
of the central point our perception extends, the optic axis, 
the rapidity of thought, directs itself to such points. Neverthaa 
less, by much practice, such eelf-control can be acquired as in 
enable an observer to ascertain with some degree of approxim^o 
the extent of the afield of eisioB, by which term is expressed tl 
circular space Burronnding the point to which the optic axis i| 
directed, which includes all the objects which can be perceived Ip 
the eye at the same instant, 

The circle of the retina surrounding the foramen centrale, whid 
corresponds to this field of vision, includes the entire 'extont ol 
that membrane which is available for the sense of flight j 
although the range of the eye ia really much greater, that ei 
of its sphere of perception is due to the mobility of the e; 
by which, as already explained, the optic axis has a plaj, measured' 
horizontally and vertically, through u considerable angular spaa«i 

lo determine, by immediate observation, the extent of the 6 '* 
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of vision when the optic axis is fixed, let a number of red wafers 
be attached at short intervals to the circiimrerence of a circle 
having a whitish gnmnd two feet in diameter, and let a single 
wafer be attached to its centre. Let the card or pasteboard upon 
vhich the wafers are attached be &}ced to a vertical wall, so that 
the central wafer shall be at the level of the eje of the observer 
■tanding with his face to the wall. If the observer, closing one 
•ye, the left, for eiample, stand so that a line drawn from the other 
«ye to the central wafer shall be perpendicular to the plane of the 
circle, and so that his distiLoce from the wall shall be ten or twelve 
'feet, he will see the entire circle of wafers when the optic axis of 
his eye is directed to the central wafer. If then he gradually 
■pproncfa the circle, still keeping the optic axis directed upon the 
eeolral wafer, the circumferential wafers will continue to be 
visible, but will be gradually less and less distinct. When he 
spproachee to the distance of five feet from the. central wafer, a 
remarkable effect will ensue. Those circumferential walers which 
«« St and near the right-hand extremity of the horbontal dia- 
iBieler of the circle will suddenly cease to be visible, and a gap 
irill appear in the circle on the right aide, extending over a Mh 
gr rixlh part of the entire circumference. 

• If the observer now approach sliU nearer to the circle, keeping 
Ihe optic axis still directed to the central wafer, the right-hand 
IrUers will continue l« be invisible, until he comes within some- 
IlltDg less than three feet of the central wafer, when ibej will 

Eiddenlj reappear. But upon approaching still nearer, all the 
rcumferential wafers will vanish, the ceiiiral wafer alone being 
visible. 

400. Hxpluiktlaii of tbfl pbeaDmeiiB. — To e.tplain these 
phenomena, it must be observed that at the distance of ten feet 
(be radius of the circle is seen under a visual angle of yy", which 
nrreaponds tA the 20th of an inch upon the retina. The retinal 
BUge of the circle of wafers will therefore be a circle having r 
Radius of the 20th of an inch described round the foramen cea- 
tnle : it will therefore fall within the jellow spot ; and, as in this 
kontion the observer sees with considerable distinctness the cir- 
nunferentia) wafers, and with perfect distinctness the central 
Infer, it follows that the sensibility of Ihe retina corresponding to 
be yellow spot is within this limit sufficient for distinct vision, the 
tentrftl pcunt, however, being the most sensitive and producing the 
■Kwt distinct perception. 

As the observer approaches the circle, the diameter of the 
■up oD the retina increases in the same proportion, very nearly, 
■ tiie distance of the eye from the centre of the circle diminishes. 
U the di»Unc«, ttiereforci of &ye l«et, the radius of the retioal 




2S4 OPTICS. 

image is incressed to tlie teath of aji mch, and that part of it 
which is on the aide of the nose consequently piBsea acn 
embonchure of the optic nerve ; and as this corresponds 1 
pait of the circle which in this position of the observer becomea' 
invisible, it follows that that pa.rt of the retina which coireepondi 
with the embouchure of the optic nerve is absolutely inaeosible. 

That this is the true esplanatlon of the pbenonienon is proved 
by die fact that when the observer approaches within less thu- 
three feet of the central wafer, the circumferenUal wafers w" ' " 
were before invisible saddentj reappear. In that case the ic 
of the circle on the retina is so enlarged that ita circumierenca 
includes within it the entire embouchure of the optic i 
the wafers which at five feet distance projected their images upon. 
the embouchure of the optic nerve, now project them on that pact 
of the retina which lies outside the nerve. 

The experiment may be further varied by attaching to llie s 
fece of the card several concentric circles of wafers of ii 
diameters. When the observer stands at a certain distance G 
such a card, in the position above described, and with the left e 
closed, the wafers on the right of each of the circles, whoae 
radius is between a third and a. fifth of bis distance from the c&rdr 
will be invisible, while those which are at a less or greater diB> 
tance will be perceived. 

If the like observations be made with the left eye, the right 
being dosed, similar results will ensue; the wafers which (' 
pear, however, being those on the left side of the circles. 

Since it is generally admitted by anatomists and physiologiilB 
that the nervea are the only conduits between the organs of seoM 
and the brain, it must appear somewhat inexplicable that 1^ 
foramen centrale, the only point of the retina where practical u 
totnists are unable to discover the presence of nervous mstt 
should not only possess visual sensibility, but should be endowed 
with that power in a higher degree than any othpr part of tl 
retina. It cannot, therefore, be matter of surprise that the rem 
of their observations is received with much doubt, more eapedtlif 
as the nervous fibres are highly microscopic, and may be regardtd 
as probably more and more minute, as their sensibility ii i 
exalted. Until, therefore, demonstration more positive and i 
elusive of the total absence of nervous matter within the vmc 
covering of the foramen shall be obtained, it will be coasiileraA 
probable that nervous fibres exist there, though tbdr tanui^ U 
such as to escape the observation of microscopic anatonusta. 

40 1 . Umlu of aeld of dlFUnot Tialon. — Observers have noA 
agreed ns to the ma°:nitiide of the Geld of vision, while tli» 
optic axis has a fixed direction. I find by my o 
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objectfi comprised wilhin a circle of a foot radiua, de* 
•eribed round the point to which the optic ttxis is directed, are 
visible with sufficient distinctneES for all the purposes of vision 
when the eje is pl]u:ed&C the distance ol' about dix feet from the 
circle. This would correspond to a visual angle of nearly zo" 
radius, so that if the optic centre of the eye be supposed to be the 
tpes. of a cone whose angle is about 40°, all objects within that 
<»De will be visible at the same moment with sufficient distinct- 

sa when the optic axis has the direction of the axis of the cone. 

When the eye approaches nearer to such a circle, the objects 
'Oompneed within it, with the exception of those rendered invisible 
hy the insensibility of the embouchure of the optic nerve are still 
Been, but the perception of them is indistinct and unsatisfactory. 

It is probable, however, that these limits of distinct vision, mes- 
Bured from the optic axis as a centre, may be different in different 

Professor Valentin, of Bern, gives the narrow limit of 3° round 
the optic axis, as the range of distinct vision. This must certainly 
be ui error. The Professor does not state on what authority nor 
I what kind of experiment or observation his conclusion is baaed. 
A radius of za° corresponds to about the sixth of an inch upon 
tiie retina, and if the conclusion derived from my own observa- 
be correct, it will follow that the portion of the retina avml- 
■ble for distinct vision will be a circle described round the foramen 
Centraleas a centre, with a radius of about the sixth of on inch. 

Attention oooeawur to vlanal peroepUon. — In enu- 
g the conditions necessary to insure the distinct perception 
li>f KTisible object, we have in what precedes included those only 
rwhteh are strictly optical ; there is, however, a mental condition 
aot less necessary to perception than the optical conditions already 
'mentioned. 

The nund has the power by on act of the will to direct its atten- 
3B with more or leas exclnsiveness to certain perceptions or ideas, 
whether proceeding directly from external objects, or evoked by 
hiemory or imagination, in preference to others ; and in such cases, 
■Itbongh all the conditions of distinct vision above enumerated 
Bi^ be fulfilled, no distinct perception, or no perception at all, 
kuj be produced, owing to the attention of the mind being 
Averted to otlfer objects. This is not peculiar to sight, but 
tommon to all sensible impressions. When engrossed in thought 
<tipon any subject of deep interest, we often have our eyes open 
fixed upon external objects, from which the retina receives 
essions fulfilling all the conditions of distinct vision, yet we 
«e nothing. Fhysiologista explain this by stating that the fibres 
'the optic Dervei, although transmitting 
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action produced upon ttie retina, fail to produce a perceptioa 
tbere becauee tbe senBOrium is tbea preoccupied by other thought* 
and perceptions. Although this, instead of explaining the phe* 
nomenon, is little more than a statement of it, it is the only 
solution offered of a question which lies upon the confines of php 
Biology and psychology. "But by this faculty of attention, w« 
also analyse what the field of vision preaents. The mind does oot 
perceive all the objects presented by the field of ' ' 
time with equal acuteness, but directs itself first to one 114' 
then to another. The sensation becomes more intense according^ 
as the particular object is at the time the principal subject U 
mental contemplation. Any compound mathematical figure prow 
duces a different impression, according as the attention is directe" 
exclusively to one or the other part of it. Thus, in^. 194^ tf 
may in succession have a vivid perception of tli 
whole, or of distinct parts only ; of the aix, tri 
angles near tbe outer circle, of the hexagon in ih 
middle, or of the three large triangles. The m 
numerous and varied tbe parts of which a fig 
is composed, the more scope does it afford for tli 
Fig. 194. play of the attention. Hence it is that ardutec 

tural ornaments have an enlivening effect on til 
sense of vision, since they afford constantly fresh subject for tb 
action of the mind." * 

4.03. BlnocnlBr vlalon. — The optical phenomena which w? 
have hitherto considered and explained, are such as would be pro- 
duced in an observer having a single eye, and, as distinguished 
from certain others now to be explained, may be denoniinaled 
monocular ; the peculiar phenomena depending on the simultancou* 
vision with two eyes being called binoadur. 

4^. "vntj wltA two ayea vtalsii la not donble. — The fii 
question which is presented and often asked is, why, having U 
eyes on which independent impressions are mode by the au 
external object, we do not see that object double f 

The first reflection which arises on the proposition of this que 
tion, is why the same question has not been similarly propoBod 
with reference to the sense of hearing. Why bos it nol ' — ^^ 
asked wliy we do not hear double? why each individual s 
produced by a bell or a string is not heard as twttdistinct sound^ 
since it must impress independently ond separately the two orgao^ 
of hearing? 

It cannot be denied that, whatever reason there be fur de- 
mauding a solution of the question, why we do not see double, 

• Wa]kr'»"Phy8Joloi;.v," 
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B eqnallj applicable to the soluLton of the analogous queslion, 
why we do not hear double. Like many disputed questions, this 
will be stripped of much of its difficulty and obscurity by a atrict 
attentioD to the meaning of the terms u»ed in the question, and 
n the dinouasion consequent upon it. If by seeing double it be 
aeant that the two eyes receive separate and iuJepcDdent im- 
presBtons from each external object, then it is true that we Bee 
double. But if it be meant that the mind receives two distinct 
and independent perceptions of the same external object, then a 
qualified answer only can be given. 

If the two eyes convey to the aiind precisely the same impres' 
lioD of the same external object, diflering in no respect wbatcver, 
then they will produce in the mtod precisely the some perception 
of the object ; and as it is impossible to imagine two perceptioQB 
ft exist in the mind of the same external object which are pre- 
cisely the same in ail respects, it would involve a contradiction 
in terms to suppose that, in such cnae, we perceive the object 
double. 

If lo perceive the object double mean anything, it means that 
the mind has two perceptions of the some object, distinct and dif* 
ferent (ram each other. Now, if this distinctness or difference 
L correapQoding distinctness and differeuce 
muEt exist in the impression produced by the external object on 
the organs. It wiil presently appear that cases do occur in which 
the organa are, in fact, differently impressed by the same external 
abject ; and it will also appear that in such cases precisely we 
io aee double ; meaning by these terms that we have two percep- 
Soia of the same object, as distinct from each other as are our 
p«raeptions of two different objects. 

To render this point more clear, let us consider in what respects 
h is possible for the impressions made upon the two eyes by the 
nme object to differ from each other, 

A viable object impresses the eye with a sense of a certain ip- 
jwrent form, of a certain apparent magnitude, of certain colours, 
of a certain intensity of illumination, and of a certiun visible 
direction. Now, if lie impression produced by the same object 
he two eyes agree in all these respects, it is impossible to 
e that the mind can receive two distinct perceptions of it, 
■fbr it is not possible that the two visual perceptions could differ 
'from each other in any respect, except in some of those just men^ 
•tioned. Let us suppose the two eyes to took at the moon, and 
"ibat it impresses them with an image of precisely the same 
^jpareut form and magnitude, of precisely the same colours and 
lineaments, of precisely the same intensity of illumination, and, in 
fine, in precisely the same direction. Now, the impressions ci 
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vejed to the mind by each of the eyes corresponding in all these 
reapects, the object must be perceived in virtue of both iinpfea- 
sions precisely in the same manner ; that ia to say, it muEt be seen 
in precisely tLe same direction, of precisely the same magnitude, 
of precisely the same form, with precisely the eame lineamenta of 
light and shade, and with precisely the same brightness or in- 
tensity of illumination. It is, therefore, in such a case, cleurly 
impossible to have a double perception of it. 

But to render intelligible the causes which produce double 
vision in the exceptional casea which will be presently noticed, as 
well as single vision in the normal application of ihe organs of 
sight, it will be necessary to expl^ what are the physiological 
conditions which correspond with the ojitical ones above explained, 
and which render absolutely identical the perceptioos of the same 
object produced by the two eyes. 

405. VbTatoloKlcaJ oonOlUoiu of ilBcle tIbIoh- — The pfay* 
Biological condition which causes identity of perc^tion by tw* 
eyes, is simply the perfect identity as to magnitude, colour, brigkt 
ness, form, and position of the optical pictures of the object fonned 
on the two retinm. But to understand what constitutes thar 
identity of position, it is necessary that some point or line dwnU- 
be assigned in reference to which the position of the piotute it 
determined. This line must obviously be the optic axis, and the 
position of the two pictures will be identical if their correipondi^ 
points are similarly placed around the foramen centrale ot tiM 
retina, that being the point, as already explained, through iiticih 
the optic axis passes. Thus, if any point of one image fall npiffl 
the retina at the hundredth of an inch to the left of the foramen 
centrale, the corresponding point of the other im^e must nlsa 
fall at the hundredth of an inch to the left of the foramen cenlralu 
of the other eye. In the same manner, if the image of any point 
fall upon the retina of one eye at any given distance above, ot 
below, or to the right, of the foramen, the image of the same pinnt 
must fall at the same distance above, or below, or to the right of 
the foramen of the other eye, 

406. Verfect Identity of cbe two oonlar ptotorea. — It wi& 
be evident from what is here stated, that if' the optical pictumo^ 
the same object on the two eyes be supposed to be divided bf 
horizontal lines through the foramen, the upper half of one pictw*. 
will correspond with the upper half of the other, and the lowtf 
with the lower ; and if they be similarly divided by vertical linel- 
through the foramen, the right-hand half of one will corresponi | 
with the right-hand half of the other, and the left with the left- 
It is most necessary to observe, however, that when the relatht 

positions of the several parts of the pictures are referred, as thtf . 
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irequentlj are, to the nose, those psrta wliich ore next the nose do 
not correspond. The right-hand division of the picture in the led 
eje IB i«miU or ne^ct the nose, while the right-hund division of the 
pietnre in the right eje, vhioh corresponds with it, is outtide or 
nexl the temple. Since these two parts produce one and the 
nine perception, it is necessary to suppose that the nervous fibres 
irliich proceed from the external half of one retina must coalesce 
with those proceeding from the internal half of the other retina 
tefore arriving at the scnaoriuni, or, if not that, some other physi- 
ological expedient must be provided, in order to combiue the im- 
pressions produced upon those points of the two retinae. 

In fine, the identical optical pictures upon the two retinie must 
lie such that if one were imafcined to be transferred to the other, 
■o as to place the one foramen upon the other, and anj two other 
Gomiponding points one upon the other, all the points of the one 
would fall upon the corresponding points of the other. 

407. ConOltlona of Identltr. — To fulfil these conditionB, it u 
neetnatxy and sufficient that the two optic axes should be directed 
to the same point of the object, and that the object should be at 
equal distances from the two eyes. If the optic axes be directed 
to different points of the object, then the images of different points 
irill be formed at the foramina, and consequently images of different 
points at all corresponding points of the retina. In that case the 
Iwo pictures will be different, and the effect will be the some as if 
two eye* looked at two different objects, and douhlo vbion would 
OODiequently ensue, 

408. Cu« fn wUoIi tbe plotnrea Bra nnaqnal. — If, while 
the optic axes are directed to the same point of the object, its 
distances from the eyes are unequal, the optical pictures will be 
rimilarty placed on the two retince, but will be unequal in m^ni- 
tnde, their linear dimensions being inversely proportional to the 
distances of the object from the ejes. But such an inequality of 
diMance as would produce any sensible inequality of the two pic- 
tures, con only take place when the distance of the object is so 
limited that the distance between the eyes will i>ear a considerable 
[ffvportion to it ; and in that ciue another effect intervenes, which 
it ia important to notice. Tbe distance of the object will, in short, 
be so small, thnt an adjustment of the eye will become necessary 
for distinct vision ; and since the distances of the object from the 
two eyes sre assumed to be unequal, the adjustment for distinct 
vinoD of one will be different from the adjusUuent for distinct 
TiMon of tbe other. If such different adjustments can be eimul' 
taneouslj made, both im^es will be distinct, but the smaller will 
be foperposed upon the larger, so as to produce indislinctnessi 

Ifae points superposed except the central one bein^dLfiftiealu 
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But if, on the otlier hand, it be only possible to make the » 
adjustment for distinct vision, at one or the other of the to 
unequal distances, then one of the pictures will be distinct, and tb 
other more or less confused ; but thej will still bi; c 
superposed. 

Wh^n the distance of a risible object bears so great a propor* 
tion to the distance between: the ejes that the angle formed bf 
lines drawn from the ejes to any common point in the object dim 
be regarded as evunescent, or so small na to be insensible, th 
axes of the eyes, which are directed to any point in such an objeol 
will be for all practical purposes parallel. But when the object i 
at less distances, the angle formed by the same lines will be g 
as the distance of the object is less, and, within a certain limit o 
distance, will acquire sensible magnitnde. 

4.09. BlncMmlBr pantUax. — The distance between the canto 
of the eyes is to some extent different in different individuals, b 
ita average ni^nitude in adults may be taken at two and k In 
inches ; lines, therefore, druwn to a point twelve feet distant fro 
the nose, would Ibnn an angle of 1°, and consequently the axM{ 
the ejea, when directed to such a point, wonld be inclined to ei 
other at that angle. Now, any angle less than this ii 
would obviously be insensible, so far as relates to the volanlai 
effort by which the iaclinalion of the optic axes b varied ; but A 
less distances than twelve feet, the eHbrt which gives them the ob 
liquity corresponding to the binocular parallax, becomes more sn 
more sensible as the distance becomes leas. Thus, in looking at' 
point six. feet distant, the paraJlax, and consequently the inclina^ 
of the optic axes, ia 1°; at three feet ia 4° ; at eighteen inches, 8", 

This angle, formed by the optic axes, when directed to the 
objeot, is called the Uitocidar parallax of euch objecL 

410. IMatanee aatliiutted bT It.— One of the means by 1 
the distances of visible objects are judged of, is the muscnlari 
by which the obliquity corresponding to their binocultr p^tUrT 
is given to the optic axes. The greater that effort is, the aei 
will be the object looked at. 

According to Professor Miiller, the effort by which the eyea 
adjusted to distinct vision at varying distances, is alwaya m 
taneous with that by which the obliquity of the optic axes is 
to accord with the binocular parallax. 80 invariable is thk 
cidence, that the axes cannot be directed to any near point, evi 
an effort of the will, without tbe other internal adjustment n 
eye for distinct vision taking place. And if, on the other 1 
while the optic axes are directed to any given point, tbe ey 
an eSbrt at [lie willi adjusts itself &a ihe distinct viuou d 
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ptunt at s greater or lesB distance, the axes will involuntarily 
change their directions, and will converge to a point at the dis- 
tance of distinct vision- 
It. Caaea In wUob btnocnlar pankltsx !■ eTaneaeaat. — 

These principles have been applied by Professor Miilkr to explain 
A multitude of binocular phenomena- 
Objects seen at distaDcea at which the binocular parallas is 
eranesoent can never be seen double, for it is eaaj to prove that 
Ifaeir ocular pictures fulfil all the conditions of single vision. The 
«pUcaI axes directed to any point in such an object are necessarily 
parallel, and images of that point are produced at the foramina, 
while images of all the surrounding points are produced at corrc 
.^Kmding points surrounding the foramen of each retina. The 
L'diatanceB of the object from the two eyes being also necessarily 
•qoal, the pictures vill be of the same magnitude. They are thus 
■bacdutelj identical in all respects, as well in magnitude as position, 
Hid must, consequently, produce a single perception. 
' The points which in such ca^s fall within the field of vision are 
narily »een single, however they may differ in their dbtanoe 
>m the eyes ; far the binocular parallax, being evanescent for all 

them, will have no sensible difference, and they will be seen as 

f tliey were delineated, as are the various points in apaintedhind- 
■cape, all upon the same surface, and at the same distance from the 
eyes. 

^ I z. CBa«s in wbiob binocular parallax ia aenalble. — But 
Ae case is otherwise for points whose distances from the eyes are 
within such limits of magnitude, as Co produce binocular parallax 
•f »«Qsible amount, and here some very remarkable and interest- 
liigph™oD„n..ri.e. 

We have shown above, that when the objects included within 
e field of vision are placed at distances so considerable, com- 
■red with the distance between the eyes, that the binocular pa- 
lUx shall be evanescent, all the points within the field of vision 
ill have positions in each eye, identical with those which they 
ne in the other, and that, couse<]u,ently, the vision must always 
! single. 

413. Horopter defined. — But if the points be not su distant, 
id if the binocular parallax have sensible magnitude, it is sTJll 
Moble that the various points, wlilch are viewed, may occupy 
icil positions in the two eyes, and ihat the vision of each of 
will consequently be single. This will take place, aawas first 
n by Vieth, and later by Miiller, provide<l such points are 
placed in the segment of a circle described upon the line joining 
oentres of the eyes aa a baae. 
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Fig. 19J. 



This will l>e easilj undentood by reference to fig, 195^ where 

a a' are the foramina, and 
and a a and a! a the optic 
axes converging to the 
point a. Let h and V be 
two corresponding points 
on the two retinae, so that 
the angles marked 1 sludi 
be equal. The yisual rajs 
from h V will then con- 
verge to the point jS, and 
since the angles marked 1 
are equal, those marked 1' 
must also be equal; and 
since the angles marked 2 
are also equal, the angles 
marked 3 must be equali 
and by the known proper- 
ties of a circle the points a and & must lie in the segment of a 
circle described upon the line joining the points of intersection of 
the visual rays as a base. 

In the same way exactly it may be shown that if c and c' 
have similar positions, the point 7 to which they converge will 
be on the same segment., and so of any other corresponding 
points. 

Thus, it appears that if a segment of a circle be imagined to be 
described upon the line joining the centres of the eyes as its base, 
all points in the circumference of such segment will have images 
in corresponding positions on the two retinse, and will be seen 
single. 

If such a segment be imagined to revolve round its base it will 
generate a solid of revolution which will be the locus of all points, 
which will be seen single so long as the binocular parallax is equal 
to the angle of the segment. 

If a line be imagined to be drawn from the middle point of the 
base of this segment perpendicular to that base, it will meet the 
segment at a, which point may be regarded as the vertex of this 
curved surface, which is the locus of the point of single vision. If 
a tangent plane to that surface be imagined to be drawn through 
the point a, all points in that plane which are near the point a will 
coincide nearly with the curved surface, and will be seen single. 
But the same near coincidence will not take place at other points, 
such as /3 and 7; from whence it appears that distinct and single 
vision will be obtained if a near object be placed directly opposite 
the nose, so that the lines drawn from the eyes to it ' V equal. 
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uid provided the magnitude of such object be not considerable, 
compared ivttb its distance.* 

The Burfttce of single vision corresponding to any given bino- 
cular parallax, is called the horopter. 

Since tiiere is no olher example in the nervous sjBtem of the 
cmresponding nerves at the two sides of the body referring their 
respective sensations to the name spot, Frufessor MitUer considers 
that the cause of the perception of a single image of B point placed 
in any given horopter, must lie in the organisation of the deeper 
cerebral part of the apparatus of vision. " The eyes," he says, 
" may be compared to two branches issuing from a single root, 
of which every minute portion bifurcates so as to send a. twig to 
each eye."t 

4.14. Onjeota ont of horopter aeen double. — Whenever an 
object lies out of the horopter which corresponds to the angle 



formed hy the optic a. 



it will be seen double. The mnst simple 
experimental illustration of this 
ia the following : — Hold the two 
forefingers pointed directly up- 
wards before the eyes, opposite 
llie nose, one near the face, and 
the other much more distant 
If we look at either so as to 
cause the optic axes to con- 
verge towards it, the other will 
be seen double, and the distance 
between the double images will 
be greater or less, according as 
the distance between Ihe fingers 
is greater or less. The double 
images will also be indistinct, and 
will be more indistinct the far- 
ther they are apart. 

To demonslrale this, let the 
■*■ a optic axes of the eyes a and b, 

Fig. ,^. fg. 1 96>. be directed to a point o, 

s<j near them as to have con- 

* Prnl^inor MUlIer itates that the surface which is the locni oT poiaU nt 
ffogt* vision b a ipbere. This is evidently an srror, lince the equality nf 
the binocular parallax rennirea that all Bections of tncb nirfue, made by a 
^ana pusing through the line joining Ibe centres of the ejea, shall be ■ 
Moment of ■ circle, the angle of which ii equal to Ihe binocuUr parallax -, i 
Modllion which is only fulBlled by snch a surface vt revoluliDn sa that above 
Icecribed. I im not aware that thie errot hu been iiteviously paiuled out. 

t MUller'i" Physiology," p. 1197. tmiu. 
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siderable binocular parallax. Let & be a point more ^tistant than a 
Its image in the eye a will be at 6, and its image in the eye b 
will be at 4. The point 6 in a, and the point 4 in b, being one 
to the right, and the other to the left, of the foramen 5, will hare 
positions which do not correspond, and consequently will produce 
a double image. The eye a will see the object b to the left, and 
the eye b will see it to the right of a, and the appearance will 
thus be that of three objects ; a seen in the middle, and two 
similar to b seen to the right and to the left of it. 

Since, according to what has been explained, the eye is ne- 
cessarily adjusted for dbtinct vision at the distance a, the images 
of b will be both indistinct, and will be more indistinct the more 
the dbtance of b exceeds that of a. 

The apparent distance of the two images of 6 to the right and 
to the left of a will be measured by the angles formed by the lines 
drawn from the eyes to b with those drawn to a, and these angles 
will evidently be augmeht-ed, as the distance of b from a is 
augmented. Thus, it appears that the distances of the two 
images of b fi*om a, an from each other, as well as their in- 
distinctness, will be increased as the distance between a and b is 
increased. 

That the image of & to the 
left of a is that produced in 
the eye a, may be proved by 
holding a screen, or the hand, 
between a and the object b. 
The left-hand image of 6 will 
then disappear, the right- 
hand image being still seen. 
If the screen be held before 
the eye b, the right hand 
image of b will disappear. 
If, in fine, the screen be 
held before both eyes, so as 
not to interfere with the 
optic axes, both images of 
b will disappear, and a only 
will be seen. 

If an object, in the same 

manner, be held at c, be* 

tween a and the nose, it will 

also be seen double, and the phenomena may be explained in 

precisely the same manner. But in this case the image of c seen 

py the eye a will be to the right of a, and the image of it seen by 




Fig. 197. 
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the eye b nill be to tbe left of a. These statementa may be 
verified, as before, by the interposition of the scrifen. 

The experiment may be varied in several ways. Thus, if, as 
ehown in Jig. 197., the optic axis of the right eye be directed 
to &n object a, while other objects b and c are placed to the 
direction of the axis of the left eye, such objeclB nill be seen 
double, since with the leA 
eye their itnngea will be pro- 
jected upon a, while with the 
riglit eye they will be seen 
to the left of o, in the direc- 
tion 6 A and 7c. 

In the same manner, the 
optiu axes being supposed 
to be directed to an object a. 
Jig. 198., if two other ob- 
jecta b and c be placed upon 
them, between a and the 
eyes reapeetivelj, an image 
of b will be seen by the right 
eye to the lefl of a, and on 
image of e by the left eye to 
the right of a, in ihe direc- 
tion of the lines bb and 4.C 
with the left eye, and that of c 




respectively. The ii 



■eofS 



Ith the right eye, will be bntli projected upon a. 

415. Sovble Tlaiou wbr lltUtt attended to. — Since the phe- 
DOioena of double vision are so evidently connected with the ordi- 
nary use of the eyes, it might be ex|)ected that instead of attracting 
the attention of philosophers alone, they would be familiar to every 
one. Although, however iheydo constantly present themselves, they 
in general receive little or no attention, either because the double 
images are always indistinct, or because our attention is exclusively 
directed upon the objects which are seen single, and therefore dis- 
tinct. "In all coses, however, where two objects situated at dif< 
lerent distances, and not lying in the same horopter, are seen slmul- 
taaeouily, one or other of them must necessarily appear double, 
^ns when we look through a window upon b church steeple, either 
Ibe window-frame or the steeple m'ust appear double, according aa 
tiie axes of the eyes are directed to the one or the other. When- 
ever the power of directing the axes of the eyes, so as to meet in 
llw olg'ect is, from any cause, lost, double vision must result; henoe 
'}(■ occurrence in persons intoxicnled, in nervous levers, in the 
paroxysms of nervous or hysterical atfectjons, in the elate imme- 
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diatelj preceding sleep, and in Btrabismua. This double Tiaioii is 
in no way dependent on any change in the central parts of tbc 
nervous system, or in tlie retiua, but is tlie simple result of tha 
inability to direct both eyes to tbe object. In tbe state preceding 
sleep, and at the moment of falling asleep, our eyes are alwajf 
rotated strongly inwards ; hen-ce B,t those times all objects, ero^ 
near objects, &ppear double. The too great coniergence of Ifai 
eyes can he recognised in the position of the double iraages; th( 
left-hand image is found to belong to the leH eye. In the si 
of intoxication, also, the eyes are directed inwards."* 

416. Cases Id irbloli ttie two erea look at dtftori 
olijeota. — In the preceding paragraphs vre have considered the 
cases of visual perception in which the same object ia looked ttf 
by both eyes, and have shown the conditions under which it 

be seen single or double. It remains now to consider a c 

which, though not presented in the ordinary use of the eyes, il 
one which supplies some important illustrations of the physiologji 
of the organ of vision. The case we refer to is that in which th^ 
two eyes look at the same time at two different objects. 

If two such objects be precisely similar io form, magnitude^ 
colour, and illumiuatton, and if the optic asea of both eyes W 
directed to them bo that their inntges shall be formed upon ti 
two foramina, they will be seen as one object, and their commc . 
petition will be the point to which the optic axes converge. If: 
the optic axes in thig case he parallel, the two objects will a 
as one, placed in their common direction, at such a distance 
render the binocular parallax evanescent. 

If, however, the optic axes be not directed to them, but an 
directed that their images shall be formed at corresponding poinU. 
of the two retina, they will be still seen ae a ainglc object, but not 
so distinctly as when their im^es are formed at the foramina. 

If, in fine, the optic axes be so directed that the two images 
shall be formed at points of the retina which do not correspond, 
then the two objects will be seen separately in the directions of 
lines ccmnecttng tlicra with their respective images o 

417. Experimental iUustratlan. — This experiment nuy bt 
performed by mounting two Btruight tubes like those of abinoculir. 
opera glass, hut with a provision by which their axes can ba: 
placed either parallel to each other, as in the opera glass, or in*' 
clined to each other at any desired obliquity. In the ends of 
these tubes cards may be set, pierced with holes of any desired 
mi^itudes. Opposite these Iioles may be plaued illuminated' 
surfaces of any desired colours, which, when viewed through lliS 

" PhyBiology," p 
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fcolea, will ha\e the appearance of coloured discs wbose apparent 
magnitudes will be those of the holloa. 

Now, if we suppose the tubes so adjusted as to be parallel, 
the holea hrtving equal mitjj;nitude9, and that the saine coloured 
Burface shall be presented to them, the appearance will be that of 
two discs of Ihe same magnitude, colour, and illumination, and, 
the optic axes being parallel, their images will be formed on the 
foramina of the two relinie. The appearance, therefore, will be 
that of a single object at such a. distance from the eyes as to 
render the binocular parallax evanescent. 

418. Case or biiiDciilar opera Blua. — In fad, the same 
ocular phenomenon is actually produced in the conimuD use of the 
biuDCular opera glass. The axes of the two tubes in that Inatru- 
meat ore set parallel, and the object viewed is supposed to be, 
and in fact must be, at such a distance as to render the binonulor 
parallax evanescent. The eyes therefore view two distinct images 
of the same object, which may be regarded as two distinct ob- 
ject*, » placed that when the eyes are directed to them the optic 
axes are parallel. In this case, as is well knowo, the visioQ is 
single. 

419. Cuea In wlUoh tiie opUc Kzea mx* not pbtbUbL — 
If the two tubes above describeil Instead of being parallel are so 
inclined that their axes shall intersect, a surface having a uniform 
colour being presented to the two holes, the two discs will be seen 
u a single disc would be, ploctid at the intersection of the axes of 
the tubes. They will, theiefbre, be seen as a single object. 




To render this more clear, let i. a, ^, 199., be the tube corre- 
sponding to the lett, and h b that corrt^sponding to the right eye. 
z beinj! the point to which tlie axes of the tubes converge, oud a 
■nd B the discs visible in the direction of the axes of the tubes. 

Tbe two discs thus seen will appear as a single white disc at x. 
where the visual axes intersect. But in this case the in 



veyed to the mind by each of the eyes corresponding ii 
respects, the object must be perceived in virtue of both imprGt> 
eions preciaety in the aame manner ; that is tn say, it must be H 
in precisely the naiae direction, of precisely the eaiae magoituda 
of precisely the Bame form, with precisely the same lineaments 
light and shade, and with precisely the same brigbtneM or 
tensity of illumination. It is, therefore, in such a case, clea 
impossible to have a double perception of it. 

But to render intelligible the causes which produce douUfl 
vision in the exceptional cases which will be presently noticed, m 
well as single vision in the normal application of the oi^ans si 
sight, it will be necessary to explain what are the phjaiologicd 
conditions which correspond w^th the optica! ones above explained 
and which render abaolutely identical the perceptions of the u 
object produced by the two eyes. 

405. VhrslolOBicBl ooniU*l«iu tit alagle vlalan< — The pbj 
fliological condition which causes identity of perception by ti 
eyes, ia simply the perfect identity as to magnitude, colour, bri^ 
ness, form, ajul position of the optical pictures of the object fon 
on the two retinae. But to understand what constitutes 1] 
identity of position, it is necessary that some point or line a 
be assigned in reference to which the position of the picture 1 
determined. This line must obviously be the optic axis, and lb 
position of the two pictures will be identical if their correspmdiin| 
points are similarly placed around the foramen centrale of tl 
retina, that being the point, as already explained, through n ' ' 
the optic axis passes. Thus, if any point of one image fallii] 
the retina at the hundredth of an inch to the leil of the fbruMH 
centrale, the corresponding point of the other image mu 
fall at the hundredth of an inch to the tefl of the foramen e 
of the other eye. In the same manner, if the ima^ of any p 
fall upon the retina of one eye at any given distance sbOTe, I 
below, or to the right, of the i<>ramen, the image of the si 
must fall at the same distance above, or below, or to the ri^ht I 
the foramen of the other eye. 

406. Perflsot Identity of the two ooulnr plctorea.— 
be evident Irom what is here stated, that if the optical pictures I 
the aame object on the two eyes be suppOBed to be divided h 
horizontal lines through the foramen, the upper half of one pict 
will correspond with the upper half of the other, and the Ice 
with the lower; and if they be similarly divided by vertical li 
through the foramen, the right-hand half of one will cvrresp 
with the right-hand half of the other, and the left with the left- 
is most necessary to observe, however, that when the n 

positions of the several parts tit the pictursa are referred, ai 
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frequentlj aie, to the nose, those parts which are neict the nose do 
not correspond. The right-hand division of the picture in the left 
eje is inside or next the nose, while the right-hand division of the 
picture in the right eje, nhich corresponds with it, is outside or 
next the temple. Since these two parts produce one and the 
Mine perception, it is necesssrj to suppose that the nervous £bree 
which proceed from the externid half of one retina must coalesce 
with those proceeding from the iotcrnal half of the other retina 
before arriving at the sensorium, or, if not that, some other phjsi- 
ologtual expedient must be provided, in order to combine the im- 
pressions produced upon those points of the two retioK. 

in fine, the identical optical pictures upon the two retina; must 
be such that if one were imagined to be transferred to the other, 
■o SI to place the one foramen upon the other, and anj two other 
eorreaponding points one upon the other, all the points of the one 
would fall upon the corresponding iwinta of the other. 

4.07. CosdlUoiu of IdentltT. — To fullil these conditions, it is 
neceMarj and sufficient that the two optic axes should be directed 
to the same point of the object, and that the object should be at 
equal dislAnces from the two ejes. If the optic axes be directed 
lo different points of the object, then the images of different points 
irill be formed at the foramina, and consequentlj images of different 
ftuuta at all corresponding points of the retina. In that case the 
two pictures will be different, and the effect will be the same as if 
two vjea looked at two different objects, and double vision would 
OODtequentl; ensue. 

408. Onme In wbUib tbe pleturea are nneqaal. — If, while 
the optic axes are directed to the same point of the object, its 
distances from the e^ es are unequal, the optical pictures will be 
"arly placed on the two retime, but will be unequal in magni- 
tude, their linear dimensions being inverselj proportional to the 
distances of the object from the eyes. But such an inequality of 
distance as would produce any aeneible inequality of the two pic- 
tures, can only take place when tbe distance of the object is so 
limited that the distance between the eyes will bear a considerable 
proportion to it ; and in that case another effect intervenes, which 
it is important lo notice. Tbe distance of tbe object will, in short, 
be M small, that an adjustment of the eye will become necessary 
for distinct vision ; and since the distances of tbe object from the 
two eyes are assumed to be unequal, the adjustment for distinct 
*ision of one will be different from the adjuatmcut for distinct 
Tition of the other. If such dlffer«nC adjustments can be simul- 
taneously made, both im^es will be distinct, but the smaller will 
be superposed upon the larger, so as to produce indistinclneni, 
mil the points superposed except the central one beio^ i^fisx^nl- 
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accordinglj been adopted as the principle upon whict the 
instruments catied stereoscopes are constructed. 

AJtiough, however, it must be admitted that remBrkable appeU 
ances of relief are io certain cases produced bj this cause, it woni 
be on obvious error to aasumc that it is either the sole or principi 
Oftuse of our perception of relief If it were so, not only iroaji 
persons deprived of the sight of odc eye be incapable of perceiviagj 
relief, but even with two eyes we should be incapable of perceivii 
it in any objects except such as are placed at a distance so small 
to have sensible binocular parallax. 

423. TIi« 070 Buppllei no direct peroeptliiii of macnltud* 
agnre, or autwnce. — It has be^ti already explained that K 
similar objects, whose distances from the eye are (o each other i: 
the same proportion as their Linear dimensions, will have the ssn 
apparent m^nitude. 

In like manner, if an object, such as, for example, a balloa 
move from the eye in a direct line, we have no distinct a 
ness of its motion, for the line of direction in which it i 
still the same. It is true tbaC we may infer its motion through 6 
air by the increase or diminution nf its apparent magnitude; fl 
if we have reason to know Lhat its real magnitude remuns a 
changed, we ascribe almost intuitively the change of it 
magnitude to the change of its distance ; and vre consequent 
infer that it is in motion eitber towards or from us, acctad' 
aa we perceive its apparent magnitude to be increased or dii 
nished. Thb consciousness of the motion of a body in a dit 
line to or from the centre of the eye, is not a perception ohtau 
directly from vision, but an inference deduced from certwn p 
nomena. It may therefore be stated generally, that the eye aC 
no perception of direct distance, and consequently none of di 
motion, the term direct being understood here to express a motio 
in a straight line to or from the optical centre of the eye. 

424. SSaoDflr of eattnuktliig' tlie real Ulatance. — The da 
tance of a visible object is often estimated by comparing it wit 
the apparent magnitude and apparent distance of known objetf 
whiuh intervene between it and the eye. 

Thus, the steeple of a church whose real height is unlcnott 
cannot by mere vision be estimated either as to distance or m 
tude, since the apparent height would be the same, provided i 
ma^itude were greater or tees in proportion to its supposed di ' 
tance. But, if between the steeple and the eye there inter?*! 
buildings, trees, or other objects, whose average magnitude* nu 
be estimated, a proximate estimate of the magnitude and diaUn 
of the steeple may be obtained. 

For example, if the height of the most distant building betweOI 
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tie eye and the steeple be known, the distance of that building- 
may be eatimat^d by its apparent magnitude, niid the distance of 
the steeple will be inferred to be greater than this. 

41;. Appearance of tbe aDB and moan wlien rtaloc 
«r •etUnr. — A remarkable illusion, depending on thin prin- 
ciple, is deser\ing of mention here. When the disc of the sun 
or noon at rising or setting is near the horizon, it appears 
of enormous magnitude compared with its apparent size when high 
in the firmament. Now, if tfae visual angle which it subtends be 
actually measured in thii case, it will be found to have the same 
mogniiude. How then, it may be Bsked, does it happen that tbe 
apparent magnitudes of tbe sua aX, setting and at noon are by 
measure tbe name, wheu they ore by estimation, and by the irre- 
sisljble evidence of sense, so extremely different ? This is ex- 
plained, not by an error of the sense, for there ia none, but by an 
erroneons application of those means of judging or estimating dis- 
tance which in ordinary coses supply true and just conclusions. 

When the disc of ibe sun is near the horizon, a number of inter- 
Tcning objects of known magnitude and known relative dbtonces 
supply the means of spacing and measuring a part at least of the 
distance between the eye and the sun ; but when the sun ia in the 
meridiiui, no such objects intervene. Tbe mind, therefore, assigns 
a greater magnitude to the distance, a part of which it has the 
means of measuring, than to the distance no part of which it can 
measure ; and accordingly an impression is produced, that tbe sun 
at'setting is at a much greater real distance than tbe sun in the 
meridian; and since its apparent magnitude in both cases is the 
some, its real magnitude must be jiut ao much greater as its eati- 
mated distance ia greater. The judgment, therefore, and not the 
eye, assigns this erroneous magnitude to the disc of the sun. 

It is true that we are not conscious of this mental operation; 
bat this unconsciousness is explained by the effect of habit, which 
causes innumerable other mental operations to pass unobserved. 

4.16. IKtitboa. at eatlmatfnc Irr •(c>>t tlie macnltnOe of dl»- 
•■■t oVeota. — As the eye tbrms no inunediate perception of 
distance, neither does it of magnitude ; since, as has been already 
proved, objects of very different real magnitudes have the same 
apparent magnitude to tbe eye, of which a striking example is 
horded in the cose of the sun and moon. Nevertheless, although 
the eye supplies no immediate perc'Cption of the real magnitude of 
abjects, habit and experience enable us to form estimates more or 
leM exact of these magnitudes by the comparison of different 
efiects produced by sight and touch. 

Thus, for example, if two objects be seen at the some distance 
tma the eye, the real magnitude of one of which is known, thai of 
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the other can be iimaediatslj inferred, since, in this case, tbc 
apparent magnitudes will be proportionsil to the real ma^ituda^ 
Thus, for example, if we see the figure of a niHn standing bendea 
tree, we form an eatimnle of the height of the tree, that of the 
man being known or aasumed. Ascribing to the individual aesn 
near the tree the average height of the human figure, and con- 
paring the apparent height of the tree with hia apparent he^t, 
we form an estimate of the height of the tree. 

427. It 19 bj this kind of inference that buildings constructed 
□pon a scale greallj exceeding common dimenaions are eatimated) 
and rendered apparent in pictorial representations of them. 

On entering, for example, the aisle ol' St. Peter's at Roi 
St. Paul's at London, we are not immediatelj conscious i 
Toatneaa of the scale of these structures ; but if ne happen 
at a distant part of the building a human figure, we immediatelj 
become conscious of the scale of the structure, for the known 
dimensions of this figure supply a modulus, which the mind 
stanllj applies to measure the dimensions of the whole. For tlw 
reason artists, when thej represent these structures, generally 
introduce human figures in or ni^ar theni. 

4zH. ReRl magnituile mar aometiiiiea be laftorrcd friuB. 
apparent mBgnltade. — It has been explained that the apparenti 
magnitude of objects liependa conjointlj on their real mag 
and their distance. Although, therefore, the eye does not 
any direct perception either of real magnitude or distance, 
by habit enabled to infer one of these from the other. 

Thus, if we happen to know the real magnitude of a 
object, we form an estimate of its distance from its ^ipai«gt 
magnitude ; and, on tbe other band, if we happen to know or 
oscertmn the distance of an object, we immediately form si 
estimate of its real magnitude. 

Thus, for example, the height of a human figure being knowD) 
if we observe its apparent visual magnitude to be extremely nnallf 
we know that it must be at a distance proportionally great. If wti 
know that at zo feet the figure of a man wilt have 
parent height, and find tbat bis figure, seen at a cei 
appears to have only one fifth of this height, we infer that tus di 
tance must be about 100 feet. 

In like maniieF, tbe real magnitude may be inferred from tl 
apparent magnitude, provided tbe distance be known or oau I 
ascertained. Thus, for example, on entering Switzerland by i 
northern frontier, when we see in the distance, bounding tl 
horizon, tbe range of tlie snowy Alps, the first impresaioii 
that of disappointment, their apparent scale being greatly leiC 
than we expected ; but when we ore informed that their 



h so great as sixty or eightj miles n 
aaaws Ibat, low aa they seem to the e 



429. Bya peroBlT«a onlr Bnffalar motion. — When ttn object 
movea io anj directioD whicli is not in a straight line draim to or 
from the centre of tbc eye, the direction in which it is seen con- 
^nally changes, and the eye in tlis cose supplius an immediata 
perception of its motion ; but this perception uan be easily shown 
to be one not corresponding to the actual motion of the object, 
but merely Io the continual change of direction which this motion 
produces in the line drawn from the object to the eye. 

Thus, for example, if the eye be at e (^g, 202.), any object 
iriiidi morea from a to b wUl cause the line of direction in 

Tolve through the an- 
gles eb, just aa though 
tha body which moves 
were to describe a cir- 
cular arc, of which B 




istbe 






tbe radius. But if, instead of moving from a to b, the body n 
to mote from a' to n', the imjiression which its motion would pro- 
duce upon tbe sight would be exactly the same. It would still 
iippear to be moving from tbc direction b a' a to the direction 

In fine, the eye, affording no perception of direct distance, sup- 
plies no evidence of the extent to which the body niuy change its 
dUtsnce during its motion, and the apparent motion will be the 
MUne as if the body in motion described a circle of which tbe eye 
u the centre. 

Hence it ia that the only motion of which the eye uffords aaj 
immediBle perception is angular motion ; that is, a. motion which 
is measured by the angle which u Line describes, one extremity of 
which is at the centre of the eye, and the other at the tnoving 

430. Though the real direction in which a distant object movw 
cannot be obtained by tbc direct pi^rcepiion of vision, some esti- 
mate of it may be formed by coiDparing the apparent angular 
motion of the object with its apparent magnitude. 

Thus, for example, if we observe that the apparent magnitude 
of tn object remains constantly tbe same while it has a certain 
■ppKrcnt uigular motion, we infer that its distance must necw' 
Mnly remain the same, and consequently that it revolves in a circle, 
io the centre of which the observer is pUeed; or if we find that 
it baa an angular motion, in virtue of which it changes ita direction 
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successively around ue, bo as to make a complete ciraalt of 36< 
and that in mSikiDg this circuit its appiirent magnitude jirst dU 
muitsbes to a certain limit, and then augments until it attaiiu 
certain major limit, from which it again diminishes, vre infer H 
such a bodj revolves round us at a varying distance, its diitanol 
being greatest when the apparent magnitude is least, and least irht 
its apparent magnitude is greatest. An exact observation of tl 
variation of tbe apparent magnitude would in such a case supplj 
a corresponding estimate of the variation of the real distance, si 
would thus form llie means of ascertaining the path in which ti 

43 1 . ■xamples. — Examples of this are presented in the cos 
of the sun and moon, whose apparent m^nitudes are subject 
during their revolution round tbe earth, to a alight vi ' " 
a minimum at one point and a maximum at the extreme opposib 

432. Kow the apparent motton of ui object la aOmatt 
by ttie inatlon of the observer. — As the eye perceives tl 
motion of an object only by the change in the direction of the lii 
joining the object with the eye, and as this change of d" 
may be pi-oduced as well by th-e motion of the observer as by tl 
of the object, we find accordingly that apparent motions are pi 
duced sometimes in this manner. Thus, if a person be placed il 
tbe cabin of a boat which is moved upon a river or canal with 1 
motion of which tbe observer is not conscious, the banks and af 
objects upon thera appear to him to move in a contrary d 
la this case tbe line drawn from the object to the eye is not move 
at tbe end connected with the object, as it would be if the ot 
ject itself were in motion, but at the end connected with the e^ 
The change of its direction, however, is the same as if the eil 
connected with the object had a motion in a contrary direction, tt 
end connected with the eye being at rest ; consequently, the^ 
rent motion of the visible objeets which are really at r 
direction contrary to the real motion of the observer. 

433. Bxample of railway train*. — In some uasei 
rent motion of an object is produced by a combination of a 
motion in the object and a real motion in the observer. Thui^ ! 
a persoD transported in a railway carriage meet a train coming 1 
the apposite direction, both extremes of the tine joining hi* e 
with the train which passes him are io motion in contrary dire 
tions ; that extremity which is at his eye is moved by Ibe tra 
which carries him, and the other extremity by the train wlui 
passes him. The change of direction of the line is accordingly pr 
duced by the sum of these motions ; and as this change of direcdci 
is imputed by the sense to the train which passes, this trun « 
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to move with the sum of tlie velocities of the two trains. Thus, if 
one train be moved at twenty nuJes an hour, while the ulher i^ 
moved at twenty-five miles an hour, the apparent motioo of the 
passing train, will be the same as would be the motion of a train 
moved at foriy-five miles an hour, passing a train at rest. 

434. Compoanded esecta of tbe mottDa of the obaerrer 
BBd or the oiiject observed. — If the line, joining a visible 
abject with the eye, be moved at both ita extremitlea iu the same 
direction, whieh would be the case if the observer and the object 
were carried in parallel lines, then the change of direction which 
the line of motion would undergo, would arise Irom the difference 
of iha velocities of the observer anci of the object seen. 

If the observer in this case mowed slower than the object, the 
extremity of the line of motion connected with the object would 
be carried forward faster than the extremity connected with the 
observer, and the object would appear to move in the direction ot 
the observer's motion, with a velocity equal to the difference ; but 
il^ on the contrary, the velocity of the observer were greater than 
that of the object, tlie extremity of the line connected with the 
observer would be carried forward faster than that connected mth 
the object, and the change uf direction would be the same as if 
the object were moved in a eontraj-y direction with the difference 
of the Telo«iieB, 

It is easy to percrive that a vast variety of complicated relations, 
«hich mtiy exiel between the directions ,and motions of the oh- 
•enrer and of the object observed, will give rise to very compli- 
cated phenomena of apparent motion. Thus, relations may be 
imagined between the motion of the observer and that of the ob- 
ject perceived, by which, though both are in motion, the object 
will appear stationary ; the motion of the one affecting the line of 
direction, in an equal and contrary manner to that with which it 
U affected by the other; and, in tlie same manner, either motion 
t6sf prevail over the other more or less, so as to give the line of 
direction a motion in accordance with, or contrary to the real 
luotion of the object. 

43;. SxBinpIeB of tbe ptanetarT mottona. — All these 
complicated phenomena of vision, are presented in the problems 
which arise on the deduction of the real motion of the bodies, com- 
pooDg tlic solar aystem, from their apparent motions. The ob« 
wrrer, placed in the middle of this system, is transported npon the 
earth, in virtue of ita annual motion round the sun, with a prodi- 
gious velocity, the direction of his motion changing fhim day to 
daf, According to the curvature of the orbit. The bodiei which he 
9 are also affected with various motions, at various distances 
ibe nu, the combination o>f which with the motioa ciC ^Vfe 
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eartli gives rise to complicated phenomena, Ae onaljeis of « 
ia made upon the principles b«re explained. 

436. ADKOlar or vteaal olattuicBB.^ — It h 
the relative poaicion in which objects are seen, hj the relative i 
rectioD of lines drawD to them from the eye; and the angle 
talned by anj two euch lines, is called the angular or visual di 
tance between the ubjecta. Thus, the angular distance betwel 
the objects & and b (^. 202.), is expressed by the ou^ituile 
tbc anj^le abb. If this angle be Jo", the objects are said to I 
30° asunder. It is-evident Jrom this, that all objects which 1 
in the direction of the aaine lines, will be at the same angular d:' 
tance asuuder, however diSerent their reul distance from ea 
Other may be. Thus, the angular distance between A and b (^ 
zoz.), is the same as the angular distance between a' and tt'. 

437. Vfanal perceptton ef Dim (utd bulk. — Sight does n 
afford any immediate perception either of the volume or sbap^i 
an object. The information which we derive from it, of the bulk 1 
figure of distant objects, is obt^ned by the comparison oCdifleroB 
impressions made by the same object at different times and I 
different positions. A body of the spherical form seen at 
tance appears to the eye as a flat circular disc, and would ni 
known to have any other forni, unless the impression made ap( 
the eye were combined with other impressions of sight or toi 
or of both these senses, which supply the understandlDg 1 
data, Irom nbieh the real figure of the object can be infer 
The sun appears to the eye aa a flat, circular disc ; but, by o 
paring observations made upon it at different tit 
tained that it revolves round one of its diameters ii 
presenting itself under aspects infinitely varying to the obserTBt 
and tbis fact, combined with its invariable appearance as a ci 
lar disc, proves it to be a sphere; for no body except a 11 * 
viewed under every aspect, would appear circular. 

Although we do nut obtain directly from the sense of tight 
perception of the shape of a body, we may obtain a perc«ptuui.| 
the shape of one of its sections . Thus, if a section of the bodj 1 
made by a plane pusing through it, at right angles to the line 1 
vision, the sight supplies a distinct perception of the shape. If 4 
^g, for example, were presented to the eye with its length in A 
direction of the Line of vision, it would appear circular, becaiue 
section of it made by a plane at right angles to its length it 
circle ; but, if it were presented to the eye with its length M i^ 
angles to the line of viuon, iC would appear oval, that bnng tl 
shape of a section made by a plane passing through its length. 

If a l>ody, therefore, presents itself successively to the eji I 
teverul different positions, we -obtain a kaowledge hj tha HUM, 
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tight of BO many different eections of it, and the combination of 
these sections, in mauy esses, euppl; data, by which the exact 
figure of the body may be known. 

438. VlslblQ avea. — Aa the term "apparent magnitude" is 
used lo express the visual angle ander which an object is seen, we 
BhtttI adopt the term viiible area, to express the apparent magni- 
tude of the section, made by a plane at right anglea to the line of 
vision ; that ia to siiy, lo the lini; drawn from the eye to the centre 
of the object. 

439. Hw tlie flliaipe la inliBrred trota Ilxlita and sbaaea. 
— Besides receiving through the sight a perception of the figure of 
the teetion of the object which forms its visible area^ we also 
obUun a perception of the lights and shades and the various tints 
of colour whi«h mack and characterise such area. By comparing 
the perception derived from the sense of touch with those lights 
Rnd ahades, we are enabled by enperience and long habit to judge 
of the figure of the object from these lights and shades and tints 
of colour. It is true that we are not conscious of tbia act of- the 
understanding in inferring shape from eolour, light, and shade ; 
but the act is nevertheless perfurmed by the mind. It is the 
character of all mental acts, that their frequent performance 
pFoducee an unconscious netis of them; and hence it is that when 
we look at a cube or a sphere of a. uniform colour, although the 
impresaion upon the sense of sight is that of a flat plane variously 
rimded, and having a certain outline, the mind instantly substi- 
tntea the thing signified for the sign, the cause for the effect ; and 
tlie conclnaion of the judgment, that the object before us is a 
.(pltere or a cube of uniform colour, and not, as it appears, a flat. 
(dane variously shaded, is so instantaneous, that the act of the 
tniad passes unobserved. 

Tbe whole art of the painter consists in an intimate pracUcal 
Imowledge, of the relation between these two effects of perception 
t>f si^t and touch. The more accurately he is able to delineate 
upon a flat surface, those varieties of light and shade which visible 
Dbjeeta produce upon the sense, the more eiLact will be his deli- 
neation, and the greater the vraueniblinKe of his picture. 

What is called relief in painting, is nothin« more than the exact 
tejffeeentation, on a flat surface, of the varieties of light and shade 
vpnKlnced by a body of determinate figure upon the eye ; and it is 
jKiiwdingl; found, that the flat surince variously shaded, produced 
'hjf tbe art of the painlsr, ha.< upon the eye exactly the same effect 
'lithe object itself, vhich is in reality sodill'erentlromthe coloured 
eanvM which rcprcBenta it. 

440. yereepUoti of oolonra. — The immediate impressions re- 
' ' fimn the sense of sight are those of light and colour. Tba 
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impressions of dietance, niHgnitude, form, and motion, a 
mixed reaultj of the sense of sight and the experience of toodb 
Even the power of distioguiHting colours, is not obtained imine* ■ 
diateij bj vision, 'without some cultivation of thia sense. TTm 
■nnpractised eje of the new-born infant obtains only a general p 
ception of light; and it ia certain that the power of distinguishinr 
colonrs, is only acquired after the organ has been more or leas e 
cised, by the varied unpressions produced bj different lights i 
it It would not be eaaj to obtain a sammarj demonstration lA 
this proposition, from the experience of infancj', but sufficient 
evidence to eatablish it ia supplied by the cases, in which aight bat 
been suddenly restored to adults blind from their birth. In these 
cases, the first impression produced by vision is that the object! 
seen are in imniediate contact with the eye. It is not tmtil the 
hand is stretched forth, so as to ascert^n the absence of tite objectL 
seen from the space before the eye, that this optical illusion is d"- ^ 
sips ted. 

The eye which has recently gained the power of v' 
at first distinguish one colour from another, and it 
rime has been given for experience, that either colour or ontliitt 
is perceived. 

441. Certain defeota In viilou. — Besides that impcriectioQ 
incident to the organs of sight, arising from the excess or 
tiency of their refractive powers, there ia another class, n 
appears to depend upon the quality of the humonrE, through w 
the light proceeding from visible objects passes, before attunii^ 
the retina. It is evident that if these humours be not absolate^ 
transparent and colourless, the image on the retina, though it|li^ 
correspond in form and outline with the object, will not correBpoD^ 
in coloiu- ; for if the humours be not colourless, some constitooill 
□f the light proceeding from the object will be intercepted b 
reaching the retina, and the picture on the retina will according]]! 
be deprived of the colours thu 9 intercepted. If, for example, tl 
humours of the eye were so constituted as to intercept all the n 
and orange rays of white light, white paper, or any other whi 
object, Buch as the sun, for example," would appear of a blnith* 
green colour ; and if, on the other hand, the humours w 
stliuted as to intercept the blues and violets of whi(« light, il 
white objects would appear to have a reddish hue. Such defecH 
in the humours of the eye are fortunately r 
precedented. 

Sir David Brewster, who has curiously examined and ci 
tf^ther cases of this kind, gives thu following examples of then 
defects : — 
^ ^jiugular ftOectioaoftheie^na, in reference to CqIouT) ia^ 
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the inability of some eyes to distiDguiah certain colours of the 
fpectmm. The persons who experience this defect Lave their 
ejes generailf in u sound state, ucid are capable of performing all 
the most delicate functions of vision. Harris, a shoemaker at 
Allonh7, was unable from his infaac; to distinguish the cherries of 
a cherrf'tree from its leaves, in so far ns colour vna concerned- 
Two of his brothers were eiiuoUj- defective in this respect, and 
alw&ys mistook orange for grass-green, and light green for yellow. 
Harris himself could only diatinguish black and white. Mr. Soott, 
who describes his own case in the "Philosophical Transactiuas," 
mistook pink for a pale blue, and a. full red for a fuU green. 

All kinds of yellows and blues, except sky-blue, he could discern 
with great nicety. His father, his maternal uncle, one of hia 
tisterB, and her two sons, had all tlie same defect. 

A tailor at Plymouth, vibos« ciue is described by He. Harvey, 
regarded the solar spectrum as consisting only of yellow and light 
blue ; and he could distinguish with certainty only yellow, white, 
and green. lie regarded Indigo and Prussian blue as black. 

Mr. B, Tucker described Che colours of the spectrum as 
follows ; — 
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A gentleman in the prime of life, whose case I bad oi 
examine, saw only two colours in the spectrum, vix. , yellow and 
blue. When the middle of the red space was absorbed by a blue 
glass, he saw the black space with what he called the yellow on 
each side of it. This defect in the perception of colourwas ex- 
perienced by the late Mr. Dugald Stewart, who could not perceive 
any diflerence in the colour of the scarlet fruit of the Siberian crab, 
and that of its leaves. Dr. Dalton was unable to distinguish blue 
from pink by daylight j and in the solar spectrum the red wu 
■earcely visible, the rest of it appearing to consist of two colourt. 
ilb. Troughton had the same defeat^ and was capable of fully appre- 
^dating only blue and yellow colours ; and when he named colouni, 
Ae names of blue and yellow corresponded to the more and les!> 
refrangible rays; all those which belong to the former exciting the 
Miuation of blueness, and those which belong to the latt«r the 

442. Cua of St. SaltoD. — In almost all these cases, the dif- 
ferent prismatic colours hod the power of exciting the sensation of 
li^t, and giving a distinct vision of objects, excepting in the caai' 
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of Dr. DaltoQ, who was said to be scarcely able to see the red 
extremity of the spectrum. 

Dr. Dalton endeavoured to explain this peculiarity of vision, by 
supposing that in his own case the vitreous humour was blue, and 
therefore absorbed a great portion of the red and other least 
refrangible rays. 

That this opinion was erroneous, however, was proved by the 
post mortem dissection of the eyes of that eminent person, by which 
it appeared that the vitreous humour was perfectly transparent 
and colourless. 

Sir John Herschel attributes the defect of Dr. Dalton*s vision, 
and other defects of the same class, to a morbid state g£ the sen- 
sorium, by which it is rendered inci4)able of appreciating exactly, 
those differences between rays, on which their colour depends. 

443. ncemoir of vrortmaim. — M. Wortmann, of Greneva, has 
recently published an interesting memoir on this subject. The 
results of his elaborate researches are comprised in the following 
summary : — 

I. Colour blindness has not been studied by the ancients. 

II. It has been found only in individuals of the white race. 

III. Some of the colour blind see only black and white, and 
some have the affection so slightly, as only to confound approxi- 
mating shades of blue and green in candle light. 

IV. There are more of the colour blind than is generally 
believed. 

V. The female sex furnishes a small proportion. 

VI. In some cases they may be known by external signs. 

VII. There are as many of the colour blind with blue as with 
black eyes. 

VIII. Colour blindness is not always hereditary. 

IX. It does not always affect the males of the same family. 

X. It does not always commence at birth. 

XI. The colour blind do not judge as we do of complementary 
colours, or of the contrast of colours. 

XII. Several of them are not sensible to the least refrangible 
rays. 

Xni. They see the lines in the spectrum. 

XIV. Colour blindness does not arise from any diseased con- 
formation of the eye, or any colouration of the humours of the eye 
or of the retina. 

XV. We may alter the state of colour blindness by very simple 
means. 

XVI. Colour blindness has its origin in the sensorium. 
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444. Spkctaclm are the most universallj useful gitl, vrbich 
optical icience bEs conferred on mankind. More wonderful 
instruments abound. The uurocles disclosed to human vision 
by the teleocDpe and the microscope are known to all. To such 
rrels, ipectacles laj no claim. But to i^ompensate for this, 
ir utility ia uUquitous. In the palace uf the monarch and in 
the cottage of the peasant their beneficent influence ia equally 
^ difiiited. It ie remarkable also, that, unlike most other produc- 
tioDB of art and science, cost can add nothing to their perfection. 
Those of the millionaire may be mounted in gold, and those of the 
humble cottager in iron i but the o>pticat medium, the ghte lenses 
'jO which they owe their perfection, must be the same. 

445- Vlanal detiacM and tlialr renuidlea. — The defects 
af vision capable of being remedied by spectacles are those called 
weak sight and short sight. The causes which produce these, and 
mBDoer in which converging or- coovex glasses, and diverging 
oncave glasses, render such vision distinct, have been already 
explained (34.Z. etieq.'). 

When persons are not very short-sighted, they generally read or 
work without spectacles, but require their aid when they walk 
ftbrood or move in society in large rooms, bceause the book or the 
objects of their work con, without inconvenience, be placed at the 
tnoderate distance from their eyes nhidi is sufficient to tlirow the 
focus back upon the retina ; but the more distant objects at whieh 
they look when walking abroad or in large rooms are beyond the 
proper limit of distance, and the foous, being before the retinsi 
mnst be thrown back by concave spectacles. 

F«nons whose sight is not very weak, and who can see distinctly 
ilbtuit objects, fail to sec nearer ones, but are enabled toaee them 
'Iff the interposition of more or leas conver^ng glasses. The 
[ BOarer the object looked at is, the more convex ought the gliaael 
to be, and hence it comes that very weak-sighted pereons require 
to be provided with more than one pair of spectacles, those adapted 
to more distant objects being less conves, and those adapted to 
Dearer objects more so. 

446. Vonn and monnUnc or apectaolea. — Spectacles con - 
■in of two glass lenses mounted io a frame so as to be conveaieatly 
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supported before the ejes, and to remeiij the defocts of Tiaion of 
□itttirallj imperfect ejes. 

Whatever be the defects of sight which they may be used K 
remove, it is evident that the lenses onglit to be so mounted tht^ 
their axes shall be parallel, and that their centres shall coincids 
with the centres of the pupils, when the optical axes are directed 
perpendjcnlarlj to the general plane of the face, that is to 
when the ejes look straight forivard. 

These conditions, though important, are Tarelf attended ti 
the choice of spectacles. If spectacles be mounted in estremelj 
light and flexible frames, the lenses almost invariably lose thiM 
parallelism, and their axes not only cease to be parallel, but a 
frequently in different planes. Spectacles ought therefore to I 
constructed with mounting sufficiently strong to prevent tl 
derangement of the axes of the lenses, and in their original colK 
Btruction care should be taken that the axes of the lenses be truly 
parallel. 

In the adaptation of spectacles, it is necessary that the distsno* 
between the centres of the lenses, should be precisely eqnal to tba 
distance between the centres of the pupils. The clearest vtnOtt 
being obtuned by looking through the centres of the lenaes, tlu 
eyes have a constant tendency to look in that direction. Now il 
the distance between the centres of tbe lenses be greater tbi 
the distance between the centres of the pupils, the eyes lunii 
Q tendency to look through these centres, their axes will ca 
to be parallel, and will diverge as in the case of an outaqnii 
On tbe other hand, if tbe distance between the centres of 1 
lenses, be leas than the distance between the centres of t 
pupils, there will, for a like rcs.saa, be a tendency to product: i 
iusquint. 

I have myaelf known perEons of defective sight, who had nev 
been able to suit themselves w ith spectacles, and concluded tb 
they had some defect which spectacles could not remedy. Upoi 
observing the form of their heads, I found, in each case, lh*t ti* 
eyes were more distant asunder than eyes generally are, wUl 
the speclAclea they used, being those made with the leiiK* *t thi 
usual distance, were never, and never could be, so placed ai tobj 
concentrical with the eyes, and hence arose the discomfort al 
ing iheir use. In all such cases I removed the inconveniaioe, t 
measuring the distance between the centres of the eyes, and ci 
ing proper glasses to be mounted in frames, so that the dist 
between their centres should correspond with the distance bi 
the centres of the eyes. 

I would therefore advise every one who uses spectaclea U 
the distance between the centres of their eyes to be exactly n 
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Bured, and to select for their spectacles mountings corresponding 
with this distance. 

44,7. VeiiBcoplo BpectBolea. — The most perrect vision with 
spectricles is produced, when the e^e looks in the direction of the 
axis of the lenses, and more or less imperfection alvays stteods 
oblique vision throngh them. Persons who use spectacles, there- 
fbre, generally turn the head, when those whose sight does not 
require such aid merely turn the eye. 

To duninish this inconvenience, the late Dr. Wollaslon sug- 
gested the use of menisci {Jig. 85.), or concavo-convex lenses 
yjf. 88.), instead of double concave or double couvex lenses with 
equal radii, which up to that time had been invariably used. 

The effect of these, as compared with double convex and double 
eoncftve glosses is, that objects seen obliquely through them are 
less distorted, and, consequently, that there is a greater freedom 
of vision by turning the eye without turning the head, from which 
property they were named TwWscopic spectacles. 

448. Eyes haTlng illfflBreitt rvfracttnr pswer. — In the ee- 
lection and adaptation of spectacles; it is invariably ssaumed 
that the two eyes in the same individual, have e:tactly the same 
refr><;ting power. That this is the case is evident from the fact, 
that the lenses provided in the same spectacles have alnays the 
KUnc focal length. 

Now although it is generally true, that the two eyes tn the same 
iDdividnal have (he same refractive power, it is not invariably so; 
and, if it be not, it is evident that lenses of equal focal length 
cannot be at once adapted to both eyes. 

When the difference of the refractive power of the two eyes is 
not great (which is generally the case when a difference exists at 
all), this inequality is not perceived. By an instinctive act of the 
tnindi of which we are unconscious, the perception obtained by the 
more perlect of the two eyes, in case of inequality, is that to which 
.oor attention is directed, the impression on the more defective eye 
not being perceived. 

It night be expected, however, that the inequality would be- 
OOtne appai'ent, by looking alternately at the same object with 
eacb of the eyes, closing the other ; but it is so difficult to comp»« 
the powers of vision of the two eyes when they are not very un- 
eqnnJ, by objects contemplated at different times, even though 
Aeji should be exhibited in immediate successioti, that this methoil 
fUb. 

Cases occur not only in which the comparative powers of visloi; 
t>r the two eyes differ, but in which the power of vision even of 
the suae eye, is different when estimated in diffi^rent directions, 

1 luve known short-sighted persons who were more sbiirt* 
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sighted for objects taken in a vertical than in a horizontd A 
tion. Thus, with them, the height of an object would be m 
perceptible than it« breadth, sjid, in general, vertical dimeosin 
more clearly aeen than horizontal. This difference arises from ll 
re&actire power of the eje taken in vertjcal planes, being differa 
from the reiractiTe power taken in horizontal planes ; and the di 
feet is accordingly removed by the use of lenses whose curratora 
measured in their vertical direction, is different irom their ci 
ture measured in their faorizontal direction. Hie lensea, in 
instead of having ipherical surfaces, have elliptical surfaces, H 
eccentricities of which correspond with the Tariatioa of the ri 
live power of the eye. 

449. Bpeotacles fte- veok-alElitaa eye*. — The converge!) 
power of the lenses necessary for weak-sighted eyes, will Deceasaril 
be determined by the ciegree of the deficiency whieb exists in tl 
refructive power of the eye. If the eyes be amiable of afibrd 
distinct vision of objects so distant, that the rays proceeding fi 
them may be regarded as parallel, they will be capable of refrl 
ing parallel rays to an esaeC focus on the retina; but if they are • 
feeble in their refractive power, as to be incapable of conveij^ 
rays in the slightest degree divergent to n focus, thej' will b 
incapable of seeing distinctly any objects, whose distances from tt 
eye are less than from two to three feat, becauae the rays Ms 
posing the piendls from such objects have a divei^ence wWd 
though slight, the eye is inCRpa.b!e of surmounting, and the peocii 
accordingly, after entertr^ the eye, converge (0 a focus not onti 
retina, but behind it. 

Hence we find that persons having feebly refracting eyes, u 
obliged to remove a printed or written page to a considenbl 
distance from the eye, to be able to read it. The pencils are Uifl 
rendered parallel, and therefore such as the eye nuij bring toi 
focus on the retina; but this increase of distance itom the ^ 
attended with the consequence of renderiag the light p 
from the object more feeble, and often too feeble to produf 
distinct vision. Hence we find that when weak-sighted [: 
hold a book or newspaper, which they deeire to read, at a 
derable distance from the eye, ihey are obliged at the sam 
to place a candle or lamp near the page, to produce an i 
nation of the necessary intensity. 

Since such eyes are, according to the supposition, adapted M 
the refraction of parallel rays, the lenses which they require must 
be such ai to render the pencils, proceeding from the objects it 
which they look, parallel, and consequently they must be lensea 
whose focal length, is equal to the distance of the objects looked aL 
Kothing, therefore, can be more simple than the rule to be lbl< 
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lowed by ^uch persona in the seleclJon of spectMles, They have 
only to use for their spetrtades, lenses whose focal length is equal 
to tJie distance of the objeets, which they desire to see dietinctly ; 
end if they Iibtc occnaioD tn look at objects at dilferent distttncee, 
as, for example, at ten and at twenty inches, they ought to be 
provided wilt different pairs of Bpectacles for the purpose, one 
having a focal length of ten inches, and the olJier a focal length of 
twenty inches. When they look at an object, at ten inches from 
the eye, with spectacles of ten inches focal length, the rays will 
Mter the eye exactly as they would, if the object were at a diatanee 
of wveralfeet Irotn them; and those rays, being parallel, will be 
r«fraict«d to a focus on the retina. 

It may be asked, in this case, how it happens that if it be 
necesMry for such persons to use spectacles, having a focal length 
equal to the distance of the object at which they look, they can, 
nevertheless, see with the same spectacles distinctly objects at dis- 
tanoes greater or less, within certain limits, than the focal distance 
of the spectacles ? The answer is, that this arises from the power 
with which the eye is endued, to adapt itself, within certain limits, 

Tinon at different distances, as has been already expliuned. 

450. Kow to detBrmln* tK« reltKotlnc power of ireak> 
erea. — If the weakness of the sight he such, that the eye 
tpable of bringing even parallel rays to a focus on the retina, 
it will be necessary to use convergent lenses even for the most dis- 
objecta. The power of the lenses which are necessary to 
er the vision of distant objects clear in that case, will supply 
18 of calculating the natural convergent power of the eye ; 
fiir unce the convergent power of the lens, together with the 
Wtural convergent power of the eye, bring parallel rays to a Ihcut 
on the retina, the natural convergent power ofthe eye, will be «iual 
to the difference between the convergent power of the lens, and tha 
convergent power of an eye capable of bringing parallel rays to a 
Ibcni on the retina. 

IV> render this more clear, let / be the focal length of a lens, 

hich is equivalent to the refracting power of on eye, which would 
briog parallel rays to a focus on the retina. Let/ he the focal 
loigtbof the lens, which is sufficient to enable the defective eye tn 
bring parallel rays to a focus on the retina; and let /"be the focal 
lenglh of a lens optically equivalent to the defective «ye> We 
ihall then have 

f '+/■-.=/ i 
we shall have 

TT7 
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From this condition the focal length of the eye can be (band,' 
since its reciprocal ia equal to the difference between the rtd' - 
procalfl of the local length of an eye adapted to parallel rajs, ud 
the tbcal length of the lena which produces clear vision in tbe 
defective eye. 

In the same case, spectacles of different convergent power wSi. 
be necessary when near objects are viewed ; for in this case Hit 
pencils, having more divergence, will require a more convergent 
lens to aid the eje in bringing them to a focus on the retina. 
Such eyeB, therefore, will require spectacles of different powen 
for distant and near objects ; and if the power of the eye io 
adapting itself to different distances be not great, it may even he 
advisable to provide difTerent spectacles for near objects, urhich 
differ in their distance, as already explained in the case gf ej«« 
adapted to the refraction of parallel rays. 

4;i. Speotaelea fltr ueAr-sltrlited e^ei. — To detennint- 
the focal length of the lens, which will enable near-sighted eya | 
to see distinctly distant objects, it is only necessary to ssoer-. 
tain the distance at which, without an effort, tbe same eyes can iw 
objects distinctly. This distance determines the degree of dlTt 
vergence of the pencils, which the eyes bring to > focus OBtItf< 
Tetuia. If diverging lenses, whose focal length is equal to tliis dife^ 
tonce, be applied before the e^es, such leases will give to pmOaL^ 
rays proceeding from distant objects, the same degree of divei^ennfiT 
as pencils would naturally h&ve, proceeding from objects wlic6ti 
distance is equal to their focal length ; consequently, accoldisg to-' 
the supposition, the eye will bring such rays to a focus an Aft< 
retina. The lenses, therefore, which ful£l this condition, inS 
render the vision of distant objects with such eyes, aa disdnot U 
would be the vision of objects placed at a distance from the efq, 
equal to the focal length of the lenses. 

If the escess of the refractive power of short-sighted eyes 
so great, and the power of adaptation to varying distanCM 
small, that the same divergent lenses which render distant 
distinct, will not render objects which are near the eyes, but 
near enough for distinct vision without spectacles, distinct, 
lenses of less divergent power must be used to prodi 
vision of such objects. 

Thus, for example, suppose the case of eyes so near-sighted, •»' 
see distinctly objects only when they are at five inches distAnc& 
To enable these eyes to see an object at ten inches distance ^s- 
tinctly, it will be necessary to use divergent lenses; but thew 
lenses must have less iliverging power than those which render 
the vision of distant objects distinct, because the same lenses wUcb 
would give the necessary diTergence to the parallel rays, which 
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Jiroceed front distitnt objects, would give too great s divergence 
to ibe pencils, which proceed from an object at ten inches distance. 



452. Magnifying glnssea bold an intermediate place, between 
the apectacle glseses used b^ wcak-eighted persons and the 
microscope, and when they possess considerable magnifying power, 
tiiey are sometimes called simple microscopes ; but the term micro- 
soope is more generally applied to that class of optical instruments 
which consists of a combination of leosea, applicable to the examina- 
tion of the most minute objects, with omplifyiog powers much 

MagniEera are very variously mounted, according to the uses to 
which they are applied. The more simple forms, and those which 
have the least aniplilying power, consist of a single converging lens, 
which may be either double conveic, plano-convex, or memscus. 

These glasses are of very extensive use in the arts. In all cases 
in which the objects operated upon are minute, the interposition 
of a magnifier is found advantageous, and often indispensable ; 
tlnu, they are invariably used in different mountings by natch- 
ramkers, jewellers, miniature-painters, engravers, and others. 

We Icnow no subject respecting which more inesaot and erro- 
Beoua notions prevail, than the amplification or magnifying effect 
produced by all optical combinations, from the simple convex lens 
to the most powerful microscope. The chief cause of all this con- 
flimon and obscurity, may be traced to a neglect of the proper 
dwtinction between visual and real magnitude. The eye, w hot 
been already explained, takes no direct cognisance of real magni- 
tude, which it can only estimate by inference and compariaon with 
the impressions of the sense of touch ; these inferences and cora- 
pkrisons being often attended with complicated calculations and 
t^ftwning. 

453. Standard »r magnlQrlnr paw«r.->The magnitudes of 
objects, as they appear with magnifying glasses, are all visual, and 
not real. When an object, seen by the interposition of such an 
initrument, is said to be minified so many times, it is therefore 

, it is so many times greater than it would be, if it 
with the naked eye; but since it has been shown 
that the visual magnitude of the same object seen with the naked 
'eye varies, being greater as its distance from the eye is less, it 
fdlowB that the visual magnitude seen with the naked eye is an 
indefinite and variable standard, and in order that the visual mag- 
nitude of an object taken as the etandard of magnifying power 
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ahould be dcifioite, it is necessary tbat the distance &t which tlie 
object ia sappused to be viewed by the naked eje should be stated, 
When, however, a person without any previous scientific instruc- 
tion views on object with a magnifier, he becomes instantly con- 
Bclou9 of its amplificalion ; that is, that it appears larger than ll 
would appear if he had viewed it without the interposition of Ihe 
magnifier- The question is, then, at what disCanca Irom his eye 
such a person would suppose the object to be, if looked at without 
the magniber ; and the reply which hia been generally given Id 
this question is, that he would suppose it to be viewed at that dis- 
tance at which he would see it most distinctly. 

This being admitted, mieroacopista have generally agreed that 
the visua! magnitude viewed with the naked eye, which doold 
be taken as the standard of comparison in expressing the effect of 
magnifiers, is that which the object would have, when viewed at Ihe 
distance at which objecta are most distinctly seen 

454. IMatailoe of moat Olsttnct visloa. — Uut h«re anolter 
difficulty arises. In the first place, the distance at which oae 
individual can see an object most distinctly, is aoi 
at which another will see it most distinctly ; thus, while tt fju-* 
sighted person wiU see most distinctly at the distance of 1 5 or t6 ' 
inches, and cannot sue at all at the distance of $ or 6 inches, t 
near-sighted person will see most distinctly at the latter 
and only confusedly and indistinctly at the foriuer. But eve 
same individual will see the same object most distinctly ai 
distance, when it is strongly illuminated, and at a much less distaneei 
when it is feebly illuminated. 

The distance of most distinct vision is tberefore a variable and 
Qneertain standard of comparison. 

But there ia one thing which is perfectly definite 1 
The visual magnitude of an object, at a given distance, is olwm 
the same, and quite independent of the powers and qualitle* of T 
eye which views it ; it may, or may not, be distinctly seen, or M 
at all ; but if seen, it can have but one visual magnitude. H* 
an object, such as a coin, placed with its surface at right angles U 
the line of sight, at a distance from the eye equal to to timei il 
own diameter, will have a visual diameter of 5 i°, and neither mov 
or less, no matter bywhat eye it is viewed. Seeing, then, thUtli 
distance of most distinct vision varies with different obserrera, loi 
even with the aame observer under difierent circumstances, m 
cannot therefore be taken as a standard of reference for vvdi 
magnitude, it has been generally itgreed that magnifying powa,^^ 
shall bi! arithmetically expressed, by reference to visual miigiiitnda 
seen at 10 inches distance. Thaa, if wc say that such or such t 
magnifier magnifies an object three or four limes, it is meant tbil 



OPTICAL INSTRUMENTS. 



319 



it exhibits that object with a visual magnitude, three or four times 
as great as that which the same object would have, if viewed with 
the /laked eje at i o inches distance. 

This distance of 10 inches has not been selected arbitrarily. It 
is considered to be about the distance at which average eyes would 
see an object most distinctly.* It has the further convenience of 
lending itself with facility to calculation, by reason of its decimal 
form. In other countries, the same distance, very nearly, has been 
adopted as a standard. Thus, French microscopists ta^e 25 cen- 
timetres, which is a very small fraction less than 10 inches, as their 
standard. 

455. XBgniffing power of a convez lens. — This conven- 
tional standard being accepted, let us see in what manner an object 
is made to appear magnified, by the interposition of a single convex 
lens. 

Let E B,^. 203., represent a section of the eye, and o </ a small 
object placed at a much less distance from the eye than is com- 




Fig. 203. 



patible with distinct vision. According to what has been explained, 
it will appear that the cause of indistinct vision is, in this case, 
that the image of o o\ produced by the humours of the eye, is 
formed not as it ought to be on the retina at 1 1', but behind it at 
1 1'. According to what has been explained of optical images, the 
interposition of a lens, l l, of suitable convexity, will bring for- 
ward the image from 1 1' to 1 1', and will therefore render the per- 
ception of the object distinct. 

Now, it is most important to observe in this case, that the visual 
magnitude of the object, measured by the angle formed by the 
lines o i and o' i', will be exactly the same as it would be if the 



* Sir David Brewster takes five inches as the distance of distinct vision, 
and, consequently, his magnifying powers will in all cases be only half those 
calculated upon the above data. 
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eye could have seea the object o o' without the InterpoBitioo of U 
lens: from which it appears thut tbe lena does not 
supposed, directly augment tlie visuul magtiitude of the objec 
but only enables the eye to see the object with distinctness, at a ' 
distance than it could so see it without the interposition of thelens^ 
We say directly, because, although the lens does not augment tha 
visual angle of the object, in the position in which it is aclui^ 
viewed, yet, by enabling the eye to see it distinctly at a diminiabei 
distance, the visual angle of distinct vision, and therefore tbe ■ 
parent magnitude of the object, is increased in exactly the su 
proportion as the distance at which it is viewed ia diminiahed. 

To understand the niagnifying effect of the lens, we must CO 
aider that the observer, seeing the object d o' with perfect distini 
oees, obtains e;iactly the same visual perception of it, as if ttM 
object, having the same visual magnitude, were placed at that d 
tance from the eye at which his vision would be most distJoiA 
Let the lines passing through the extremities of the object, tl 
fore, be prolonged to this distance of most distinct vision, an 
an object, o o', be supposed to be placed there, similar in all r» 
spccts to tbe object no', and having the some visual magnituda 
It will be evident, froni what has been stated, that o 
nith tbe lens, will have preciieLy the same appearance as the obJMI 
o q' would have if seen with th e naked eye. The observer, tJ 
fore, considers, and rightly considers, that the magailying p 
of the lens is expressed by the number of times that o o' i 
greater than oo'; or, what is the same, by the number of doM 
that the distance of o o' from the lens, that is, tbe distance of nun 
distinct vision, is greater than the distance of the object from A 

It follows, therefore, generally, that tbe magnifying power of th 
lens will be found by dividing the distance of most distinct visio 
by the distance of the object irom the lens. 

Adopting this njethod of estimating tbe magnifying power, \ 
would follow that the same lens would have different inajtnifyin) 
powers for different eyes, inasmuch as the distance of most di 



r vision for short sight b less than that for average sight, and I 

I for average sight than for far sight. 

\ To make this more clear, let £, fig. iQ\., represent an averi 
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leye; ii',j%'. zo;., a short-eighted eye, and e",_;^. zo6., i 
hted eje- Let tlie same gmall object, l x, be plnoed at ike 1 



lutanee from each of tbem, and let the distance of mi 
iiion for the first be £ ^ for the second, e' 1% and for tl 




■'' f. If, by the inffirpoaition of a lena, the object l m be 
ed diatmctly visible to eaeh of these three ejea, it will appear 
lo X, atf m'toE', andat^'m" toE"; its apparent majmitude, 
>re, to the three ejes, will be in the exact ratio of their 
e distances of moat distinct Tiaion, and consequenlly thai 
ying power to a' will be leas, and to e" greater than to h. 
^ut< however, be observed, that 
received esplanation, a circumati 
1, which will modify the conclu: 
« distinct vision with a given I 

fVom the lens wit) not be the e: 
igkt the object miiat be nearei 
, than for averaf;e sight. 
', if this variation of the distanc 
la it is called, for different eyes, vary 

distance of the moat distinct vision (and it certainly doea 
fermuch from that proportion), i« will follow, contrary 
«ived doctrine, that the magnifying power of tlie aame le 

the sanae for all eyes, whether they have average sight, long 
w short sight. 

•uparllolal anil onbloal mafnuyiiif powor. — It is 
ded by aome, that the magnifying power is more projierly 
equately expressed, by referring it lo the superficial tlian 
ear dimcnaiuns of the objects. 
lluMrate this, let ub suppose the object raagnilied to be ft 

SliCh M <hj^- 20^. Now, if its Linear dimensiong, tbu. v 



hich i! 
lace of some im]Kirtanoe il 
inn deduced from it. T9m 
^na, L L, the distance of tbvfl 
ma for different c_ 
, and for long sight n 

! from the lens, or of the I 

e proportioal 
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' iteaides, be msgnifiedten times, the square will be uicretisedtod^l 
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incressed ten limes, and its aupcrfici^ magnitude being eonse- 
quentiy increased loo limes, as is apparent bj the diagram. 

It is contended, and not «itliout some reason, tbat when «{| 

nt A, it is much more properly said to be magnified loo thftO UM 

Nevertheless, it is not by the increase of superficial, bnt flf 1 

No obscurity or confusion can arise from this, bo long as it b wtft 1 

ficial ampliGcation, need onty take the square of the linear; tho^. J 
if the linear be 3, 4, or 5, the superficial wi!l be 9, 16, or :;, uAjl 

width, and thickneaa, a small cube or prism of a crystal, for exMop 
is magnified, tlie amplification being produced equally on kll ti 

increase; thus, if the object;, being a cube, be magnified 1 

times in its linear dimensions, it will acquire ten times gre*l 

\ length, ten times greater breadth, and ten times greater heigl 

volume. 
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ilculation is eosiij made bj those wbo desire it, nhea the Uti'^ac 
crease ii knotrn. 

In all cases in which magnifying lensea ore used, except where 
le leDS is large, and die magnif^iiig power law, the aye of the 
ibserver should be placed as close as possible to the lens, the pupil 
leing aa nearly as possible coDcentric with the lens; for since the 
|)encilB of rays, which proceed from the extreme points of the ob- 
lect. intersect at an angle equal to that formed bj lines dmnn 
from the extremiliea of ibe object to the centre of the lens, they 
^rill diverge oiler possiog through the lens, at the same angle ; and 
itbe fitrther the eye is removed from the lens, the more rays it will 
lose, and beyond a certain limit of distance, a part only of the 
pbject will be visilile. 

457. Vower dapeoda on focal lenrtb. — Since eyes of average 
sight are adapted to the reception of parallel rajs, an object seen 
yiroQgti a tens by them will be distinctly visible, only on the con- 
Ution that its distance from the leas shail be e4[ual to the focal 
eugtb; for, in that case,tbe rays which diverge Irom each point of 
le ohjeet will emerge from the lens parallel, and therefore suitable 
1 the power of the eye. 

It is for this reason that the magnifying powers of lenses are 
■tinuited, by comparing their focal lengths with the distance of 
"itinct vision. For since the focal length is always the distance 
the object from the lens for average eyes, the distance of distinct 
divided by it, will, according to what has been explained, 
! the magnifying power of the lens for such eyes. 
^e focal length of a lens will be leas, in proportion as its re- 
acting power upon the light transmitted through it is greater ; 
nt the refracting power of the lens depends partly on its convexity. 
td partly on its material. 

With the same material the refracting power will be greater 
id tbe focal length less, as the convexity is increased ; and, on 
. « other hand, with a given convexJty, the refracting power will 
|ta greater, and the focal length less, as tbe refracdng power of 
llw material of which the lens is made is greater. Thus, lor 
OUmpli^ if two lenses be composed of the same sort of glass, that 
^ieb has the greater convexity will have the less focal length; 
IHdif, on the other hand, two lenses, one composed of glass and 
Ike other of diamond, have equal convexities, the latter will have 
K le*E focal length than the former ; because diamond has a greater 
tt&UiXing power than glass. 

4{8. beiuea of dllbrent laatwtBL — It will be evident, from 
vbal hta been expluned, that if two lenses be formed of materials 
JkKving diflcrent refracting powers, such for example aa gloss and 
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(iiamonil, bo as to hnTe equal focal length, that nhich liaa grci 
refracting power will haTe the less convexity. 

If two lenses therefore be formed, having the si 
power, one of gloss and the other of diamond, the latter will hi 
less convexttj' than the former. 

From what has been explained on the subject of » 
aberration, it will be understood that the more conTex a 
the less its diameter must be ; for if its diameter exceeds a eerM 
limit relatrvelj to its convex itj, the spheiical aberration will b 
come so great, as to render all vision with it confused and ii 
This is the reason why all lenses, of high magnifying pow» m 
short focal length, are necessarily small. 

But since the spherical aberration depends 
with the convexity of the lens, other things being the 8aiDe,il 
follows that if two lenses, composed of different materialg, bu 
equal focal lengths, that which has the less convexily will i' 
have less spherical aberration. 

459. DlBBioiia leiuei. — Now since, according Cn what hub 
explained above, a diamond lens has less convexity than Kgl 
lens of tlie same focal length, it will, if it have the same ^MM 
have less spherical aberration, or, what ii the same, it will adi 
of being formed with a, greater diameter, subject to tbe M 

In lenses of high magnifying powers, and which are coiueqiRii 
of small (Umensions, any increase of the diameter which om 
made, without being oceompanied with on injurious incmH 
aberration, is attended with the advantage of transmitting n 
light from each point of the object to the eye, and ther^bredl 
rendering the object more distinctly visible. It wa» on thk 
count that, when single lenses of high magnifying power v 
thought desirable, great efforts were made to form them of di 
mond, and other transparent gems having a rejracting poi 
greater than that of glass. 

Sir David Brewster, who first su^ested tbe advantage of tl 
succeeded in getting lenses of great magnifying power, m«de 
Tohy and garnet; he considered those mule from the latter Hn 
to surpass every other solid lens ; the focal length of someof tbi 
made for him was less than the l-joth of an inch, the m 
power being more than 300. 

All these and similar efforts made by Messrs. Pritehard ■ 
Vorley, aided by the genius and science of the late Dr. Goril 
have, however, happily for the prt^rcss of science, beeo suh 
quently rendered unnecessary, by the invention of method* of pi 
ducinggond achromatic object glasses of high power for ccmpoul 
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that the range of usefulDesa of simple nucroacopea, 
magciifying f;lassee, is now HmiCed to uses and researches in 
ich oomparativelj lov mngnifying powers ure sufficieut. 
The most feeble class of magnifying glnsites are those occasioo- 
'j used for reading small type, bj persons of very weak sight ; 
;y cuHBist of double convex lenses of five or six inches focal 
Lgth, and having, conseqaentlj, a magnilying power no greater 
in two ; they are usually mounted in tortoise-shell or horn, with 
nvenient handles. 

460. BlasnlflsrB for urtlMs. — Magnifiers of somewhat shorter 
ical length and less diameter, similarly mounted, are used by 
kiniature -painters and engravers. 
Lenses having a focal length of about one inch, set in a horn 
ceil, enlarged at one end like the wide end of a 
trumpet, the magnitude being made to corre- 
spond with the socket of the eye, as represented 
in^g'. 209., are used by watchmakers. The wide 
end, being inserted under the eyebrow, la hdd in 
its position by the contraction of the muscles 
surrounding the eyeball, and the minute work 
to be examined, is held within an inch of the 
*' "*■ lens set in the smaller end of the horn case ; if 

te focal length be an inch, the magnifying power of such a glue, 
r average eyes, will be ten. 

Glasses somewhat similarly mounted are used by jewellen, gem- 
iulptors, and other artists. 

To relieve tliu artist from the fatigue of holding the mag- 
the eye-socket 








the hand, a stand 
rabte sooLet 
is Bomeliiues resorted to, 
such aa that represented 
in^^. zia A horizontal 
arm slides upon a vertical 
rod, upon which it can 
be fixed at any desired 
height by a tightening 
screw. This arm con- 
sists of two joints, con* 
nected together by a ball 
and socket, by which they 
can be placed at any 
desired incliiiation ; at the 
extremity of the lower 




used eeparatelj or t<^etli(!r. When they are used tAgetlu^ 
however, the interposition of a diaphragm is necessary ti 
the efTfcts of spheric&l aberration by cutting off* the 1 

Lenses thus mounted ore well fitted for inedioal use, and for 
certain researches in natural history. 



462. IWcroaoopes, Blmple Bnd compooiul. — When sti 
higher magnifying powers are required, the instrument takes ti 
name of a, microscope 

Microscopes are of two kinds, timpie and eompOJind. 

In the simple mlcroacope, the object under examinadon 
viewed directly, either by a simple or compound eonverging leu 

In the compound microscope, an optlciU itimge of the otgecli ■ 
produced upon an enlarged scale, is thus Tiewed, 

The use of single lenses, as simple microaeopes, is rei 
difficult by the prevalenee of aberration, which necessarily utteDCk 
great converging power. 

463. Ooddlncton lens. — One of the most convenient fi) 
eimple laicroscope, consisting of a single lens i<^ that which fatt 
received the name of the Coddington lens, from i(s supposed '^ 
inveation by the eminent mathematician of tbat name. The lens, 
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B however, tppeurs to have lieen one, 
of the numerous contributions of 
Sir David Brewster to optical 
Rcienee.' To form this lens let a 
solid ball or sphere of gUgg, about ^ 
inch in diameter, be cut round its 
equator, bo as to form round it an 
angular groove, leaving two spheri- 
cal aurfacea cm oppo^te sides uncut. 
The angular groove is then filled up 
with opaque matter, the circular 
edge of the groove serving as a 
diaphragm between tbe two spheri- 
cal surfaces. A KCtion of such a 
lens is shown in^. II Z., where ab 
and a' b' are the two spherical sur- 
faces lefl uncut, and A c A' and 
» c b' the section of the angular 
proove filled with opaque matter. 
*' The course of the rojs passing 

. as o, is shown by the lines o fi,aad 
e inspeetioD of the figure, that the 
!t of the lens upon the rays will be precisely the same, wherever 
the point o may be placed ; this leni 
therefbre, gives a large field equally 
well defined in all directions, and 
since it is no matter in what position 
it is held, it is very convenient as a 
ban<I atlfl pocket glass; it is usually 
mounted in a small case:, such as is 
shown iu _^. 1 13., which can be 
carried in the waistcoat po<'kct. 

464.. Oonbleta «iMl triplets. — Magnifying glasses nf low 

powers, sucli, for onamplo, as those which range froni 5 to 40, may 

be constructed with much advantage in one or the other uf the 

Bbove forms. When, however, higher powers are necessary, the 

« of such lenses, with very short focal length, is attended with 

' much practical inconvenience, which has been removed by the use 

' of magnifiers, consisting of two or more lenses combined. The 

combinations of this liind which arc found most efficient, consist of 

« plano-convex lenses, with their convex sides towards 

I the eye ; thete are called doubUu and IripleU. 

• Sm BrBWSter'i " Optici," p. 470, 




Fig. 14. 

foc«l le«f!tb. AccorJEiig lo nhol ha* been cxpioineil, D n will prwlm* 
imaglnury image of d a alii, more dIsUnt from a d thaa a a, so tlist an i. 
placed behiad □ d wau1<) receive the ruya from o o, aa if Ilioy had divergol 
from the coTreapondiiig points of t i 

But Instead of being rBceiiBd b; an eye placed behind t> ■>, theisnrraui 
received by the olber teas e b ; thir Image i ■ therefore plavs the put of tl 
bbjedl bef<>Te the lens e b, and being at a distanee Irom k b leu Ililn tlu 
fucal length of the latter, an imaginary image of J j will be produced at 1 1 ; 
the r^ys, after pssiing through -k e, enteriog the e}'e as if Ihey hid coflM 
from the wrreapMiding pointi of 1 1. 

Tu cut off all ecalteretl raya not neeea&ary for the formation of the image 
a Btup or diaphragm, a s, rongiMIng of a circular dbc of metal, with a. boll 
in ila centre, ia interposed between llie two tenaei. 

Bach a emnbinution, when high pcwera are neceasary, hoa aeveril advaD- 
toges over an equivalent single lem. In the Sret flux, the elfciil «t a] 
cal aberration ia mueh loaa i and sevcndly, the object can be phued M a . 
greater distance from the anterior lena u i>, and can conaequenlly bf K 
conveniently manipulated, if it be desired to dissect it, or to aubmit it lo i 
othar proceaa ; It can aleo be illuminaled by a light thrown apon that (B 
of it which Is presented lo the glaea. Thiaco'old not be done ifltweren 
in contact with the glaaa, whioh must nHWSsarily be the case bjrniME 
its very short focal length, if a single lens were uiod. 

465. WoUaaton'B danblets. ^— It waa recommeniled b^ I 
WoUoston, the inventor of these doublets, to give the two te 
composing tbi>iu tinei]uiil focul' lengths, tbutttf a b beliig tJ 
times thnt of dd. 
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Tbe lensea are usuftllj let in two thimbles, 
one of which screws into the other, an showD in 
fg. Z15., BO that the; can be adjuBted as to 
their mutual distance. Bo as to produce the best 
effect. When still higher powers are sought, 
the lens d o is replaced bj two plano-convex 
lenses, in contftct, which taken ti^ether play 
e part of the single lens n d in the doublet ; this combination 
eall«d the triplet. 

When a very low magnifying power u required, the lenses e e 
d D D may be sqtarated, by unscrewing. 

466. M«Mntlnr donlilMSi — The lenses, whether of a doublet 
or a triplet, being thus 
properly mounted, ex- 
pedients must be adopt- 
ed to enable the obser- 
ver to ^ply them con- 
veniently to the object 
under e.\amination. The 
most simple method of 
effecting this would be 
to hold the lent to the 
eye with one hand, and 
to present the object 
3 before it at the proper 
distance with the other. 




But e 



1 this ( 



it would be necessary 
that the lens should be 
attached to a convenient 
handle, and unless the 
magniiying power were 
very low, the steadi- 
ness necessary to retain 
the object in the focus 
could not be imparted 
to it, and while the ob> 
serration would be un- 
satisfactory, the fatigue 
of the observer would 
be considerable. When 
high powers are used, 
every motion of the ob- 
ject is as much magni- 
fied as the object itself, 
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and conEcqueDtl; in Bach coses tbe moat extreme steadineea 
indispensable. 

Whatever be the form of the mounting, therefore, it is necensar; 
that the object should be supported bj some piece attached to 
that by which the doublet itself is anpported, ao that it may bfl. 
stendilj held in the axis of the lenses, and that its distance from 
them may be varied at pleasure, by some smooth and easy motii 
by which the observer can bring the object to the proper focus. 

One of the moat convenient forms of mounting, for a comm 
hand microscope ia shown in/g. Zlb. 

Tbe doublet is inserted in a socket c made tj) Dt it ; the screen b protect! 
the cfETrom the light by whicb thectject is illuminated ; an arm e isjoinlFd 
at il, so that it cnji bs turned flat against o, wben the inalmment ia not in 
UH, and can be inclined to a, at any duired angle. This arm bsine mnnd, 
a ahding tube/ is placed upon it, fixed to another tube at right angles to It, 
in wfaich a vertical nxl slides, to tbe upper end of »bich U attached aroiwfit 
h or any other convenient support of the object under examination. 

Several doablete or triplets of various powers may bo provided, any of 
which may be inserted at plcasuro Ln the aooket e. 

When still greater ateadinesa ia required, and greater bulk and 
higher price do not form an objection, the arm and aocket bearing 
the doublet are fixed upon a vertical pillar, serened to a table 
with proper accessories for adjusting the focus and illunuDiting 
the object. 

467. OtievBller'a moniitliiB. — The arrangement adopted IB 
the simple microscopes of Charles Chevalier, shown in ^. 117^ 
may be taken as u general eaample of tbia clasa of mounting. 
The case in which tbe Inatmment is packed serves for its support wbsn ■■ 
' use. A square brass pillar t t, screwed into the lop of Ibis cam x, has 1^ 
square groove cut along one of its aides, in which tbe Kinare rod o ia movsl 
upwards and downwanla by a rack and pinion n; at Ihe top of this rod, a 
borizontal am a is attached, at the end of which a socket is provided 1* 
receive tbe doublets ; several of which having different powers are nippliel 

The object under observation ia anpported on Ihe atage p, firmly atlacli«4 
to tbe upper end of tbe square pillar T T; in this elage <s a central hohi 
through which light is projected on ita lower snrbce when the otgect il 
transparent, and the qnsntity of this Ught is modiSed by moans of an opiqH 
disc n. pierced with holea of different magnitudes. 

By turning this disc on ita centre, any one of these boles may be brongU 
under the object; when the object is not Iranspiront, the opening In tU 
stage is stopped, and it ii viewed by light thrown upnn its upper surftee. 

A equare box E, sliding upon the pillar t t, with sufficient friction tt 
maintain it at any height at which it ia placed, carries a reflector M, hf 
which light is projected apwarde to the opening of tbe stage F, thla tlglA 
being more or less limited in qnantity by the orifice of the diapbragnl 0^ 
which is presented in its path. 
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In thii instrnnient the objfct ia brought into tocas, bj moving [h« arm 
whkli curies the doublet up and down, by meuu of the rack and pinioa b, 




A« tUtgt, iBpportiDg the object, being bxocl The same effect m ght be, anil 
' ~ ome mlcniacopes, prodaced bj moving the stage. enppoTtmg the object, 
1 ftom the leoB; but when Ih< matninieDt is apphed to disaecLion, itia 
the subject dinccted immorahle, and, therefore, not onlyt 
W miintain the stage stalionary, but to reader it so solid and stable that it 
wBlbear the prsBsoreof both the hands of the operator while he manipulat** 
the diHecting instruments. On Ibis account (he stage ia oflen made larger 
tlMn is represented in the ■figure, and supported bj a aeparale pillar. 

The arm a carrying the doublet is alw sometimes Oxed in a aquiue 9ock«t 
M the lop of (he rod a, so (hat it can be moved la and fro m the lockel. 



vbitet 



I upon I 






nraliaiu, tlie observer can with great o 
jmit oS the object nndec examination. 

StiDple magnifiera, with provblons similBr to these, are made by 
the principal opticians, Messrs. Ross, Lelaod, and Powell, Smith 
knd Beck, Pritchard, Varley, and others. 

WheD the object hu not sufticient tronspareney to be seen by 
light tranamitled through it from below, it mny be illuminalcd by 
t light tlirown upon it from obove by ft lamp or candle, and con- 
densed, if necessary, to obtain greater intensity, by means of 11 
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IV. The Compound Microscope. 

468. This instrument, in its most simple form, consists of a 
magnifying lens or combination of lenses, by means of which an 
enlarged optical image of a minute object is produced, and another 
magnifying lens, or combination of lenses, by which such image is 
viewed, as an object would be by a simple microscope. 

The former is called the object glass, or objective, since it is 
always directed immediately to the object, which is placed very 
near to it ; and th^ latter the eye glass, or eye piece, inasmuch as 
the eye of the observer is applied to it, to view the magnified 
image of the object. 

469. &eflraotinff microseope. — Such a combination will be 
more clearly understood by reference to Jig. 218., where o is the 
object, L L the object glass, and £ e the eye glass. 




Fig. 218. 

• 

The object glass, l l, is a lens of very short focal length, and 
the object o is placed in its axis, a very little beyond its focus. 
According to what has been explained (i^S.et seq.), an image o o, 
of o, will be produced at a distance from the object glass 1. l, much 
greater than the distance of o from it : this image wUl be inverted, 
with relation to the object ; its linear magnitude will be greater 
than that of the object, in the proportion of o i< to o i. ; and conse- 
quently its superficial magnitude will be greater, in the proportion 
of the squares of these lines. 

The image o o, thus formed, may be considered as an object 
viewed through the magnifying glass e e, and all that has been 
explained, relating to the effect of such a lens, will be applicable 
in this case. The observer will adjust the eye glass £ £, at such a 
distance from o o as will enable him to see the image most dis« 
tinctly, and the impression produced will be, that the image he 
looks at, is at that distance from his eye at which he would see 



OPTICAL IXSTRUMENTS. 



333 



such an object mnet dlstinrtlj, without the Interposition of any 
magnifying lens ; let this distance be that of a similar image o' o'. 
And the impression will be that the object he beholds bos the 
m&gnitudc o' o'. 

The distance of most distinct vision with the Doked eye, and the 
distAnce from the image at which the eye glass must be placed to 
produce distinct vision, both vary for different eyes, but they vary 
almost ejtactly in the same proportion, so that the magnifying effect 
of the eye glass upon the image o o will be the same, whether the 
observer be long-sighted or sliort-sigbted ; in estimating the mag- 
tufying power, therefore, of such a combination, wc may consider, 
in all cases, the distance of the eye glass b e from the image o o to 
be equal to its focal length, and the distance of o' o' from the eye 
glass to be lo inebes. 

To estimate the entire amplifying effect of such a microscope, we 

e only lo multiply the magnifying power of the object glass by 

'dist of the eye glass; thus, for esample, if the distance of the 
lage o o from the object glass b« lo times as great as the dis- 
ace of the object from it, the linear dimensions of the image 
o will be ten times greater than those of the object ; and if the 
cal length of the eye glass be i on inch, the distance of most 
distinct vision being lo inches, the linear dimensions of o'o' 
will be 10 times those of o o, and therefore 100 times "those 
of the object; the linear m^niifying power would in that case 
be ZOO, and, consequently, the superficial magnifying power 
40000. 

The eve and object glosses are usually mounted at the distance 
of 10 or iz inches asunder, adjustments nevertheless being pro- 
vided, by which their mutual distance can be varied within certain 
limits. 

470. rlBia Elua- — A convex lens is generally interposed be- 
tween the object glass and eye glass, which, receiving the raya 
^verging from the former, before they form an image, has the 
~ !t of contracting the dimensions of the image, and at the same 
time increasing its brightness. The effect of such an intermediate 
IdU will be understood by reference to Jig- 2 1 9,, where f f is the 
iutennedlate lens. If this lens f f were not interposed, the object 
LL would form an image of the object o at oo; but thia 
i being too large to be seen at onee with any eye glass, a 
in portion of its central parts would only be visible. The 

t F, however, receiving the rays before they arrive at the 

inu^ o o, gives them increased convergence, and causes them to 
Jiroduce a smaller Image o'o', at a less distance from the object 
glass L u The dimengions of this image are so small, thai every 
part of it can be seen at once with the eye glass. 




The portion of the image which can be seen at once wi^ 
eye glass, is culled the Jield ofriew of the microscope. 
It is evident, from what has been stated, that the e0ect of tbp 



•4- 




lens 7 7 is to increase the field of view, since bj its meuis tliA 
entire image of the object can be seen, while without il 
position the central parte only "would be visible. 

The lens r r has, from this circumstance, been called the 

But the increase of the field is not the only effect of tbie arruigft> 
ment. The light which would have been diffused over the eurfoos' 
of the larger image o o, is now collected upon that of the nualltt 
image o' o' ^ and the brightness, therefore, will he iucf eased in tha 
same proportion a^ the surface of o o is greater than the surikoe 
of o' o', that is, in the proportion of the square of o o to the s^uan 
ofo'o'. 

Another effect of the field latis is to diminish the length of the 
microscope, for the eye glass, instead of being placed at its fbcd 
distance iVooi o o, Is now placed at the same distance from c/ o'. 

4.71. KeflecUnK mlcroacope. — In this brief exposition of tbfl 
general principle of the microscope, the image, which is the in 
diate subject of observation, is supposed to be produced by a 
vex lens; such an image, however, may also he produced by» 
concave reflector, and being so produced, may be viened irith aitf 
eye glass, exactly in the same manner as when produced by ft 

Microscopes have accordingly been constructed upon thi 
ciple, and ore distinguished as reflectivg microscopes ; those is 
which the image is produced by a lens being called re/racHnf 
microscopea. 

The principle of a reflecting microscope will be understood b^ 
reference to J^. 220., where 1.1. is the concave reflector, of whi(^ 
c is the centre ; the object is placed towards the reflector, at 
distance from c greater than half the radius, and an inverted 
image of it is formed at u o, which, as in the case of the reiracting 
microscope, is looked at with aa eye glass ex. 
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The great improvements vrhiob hnve taken place within the last 
twenty years in the formation of the object glaaaea of refracting 
mioroacopeSj have rendered these so very superior lo reflecting 







luicnMCopeR, that the latter class of instrtunentB haa fallen so com< 
pletely into disuse, that it nill not be necessarj here to notice them 

^72. OoDdlUons of afiolenor. — la what has been explained, 
the general principle only of the microscope has been developed .- 
1 many iniportant circamstasces of detail upon which it-s efficiency 
mainly depends uust now be noticed. 

Tliese conditions are essentially identical with those necessary 
\ for the perfection of natural vision, and are consequently, — 
1°, sufficient visual magoitude; 2°, sufficient distinctness of 
delineation ; and 3°, sufficient illuauDation, 

The visual angle under which the image is seen will depend on 
the magnituile of the image and tlie shortness of the local length 
of the eye glass. The optical conditions which set practical limita 
to these will presently appear. 

• The greater the visual angle is, the more perfect must be the 
dU^nctnees of the image, both as respects delineation and colour, 
nnee all errors will necessarily be magnified in the exact propor< 
^D of the amplitude of the visual angle. 

The distinctness of the image as to form and colour will depend 
on the extent to which the aberrations, spherical and chromatic, 
■re corrected by the material and form of the lenses. 

The expedients by which these aberrations are e&aced have 
been already explained (16+. et leq., and 207. nt teq.). 

Hie illumination of the image will depend on conditions oon- 
neoted with the angular aperture of the object glass, which have 
also been already fully explained. 

1.73. Angular apertnre. — -TLc practical method of deter- 
tnioing the angular aperture is as follows : ■ 




ted lowarda the candle, all Ihe rays viK fall perpendicniarlj Dn Ilia 

■' -lusB, snd will evidenlly puss IhroQgh it to the e_ve gloM, If the 

ipe he tlien turned on iha pivot to tha left, Ide raj-B will fall mert 

e ubliqaelyon the objectglasa, and a less and leu number of llii'iii 

,-itolheeveglius, 

Wlien luch a pootion as m »i is giren to the microjcopc, those rays nuljr 
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■whieh fsU upon the border of the object g\an apon tberight of (he observer 
irill »rriyB at (he eye glass, anil the field of view will then appear, usahown 
atf, half illnminiitecl and hnlf dark. If the micniacope be moved bsyond 
tbi* position, tbe field vtll ba entirel}' dark, no nys being transmitted to the 
^7egla«, 

be microwape, on the contrary, ba maved to the other aide of the gnt- 
liemiclrcle, the same appearances will be produi^ and when it a«- 
tbapoaition m' n', (he field will be again half illuminated, andbejond 
mnt it will be dark- 
arc of the gradnflted semicircle, inclnded between the two pasitiDDB 
Ddn'n'. will then be tbe measurs of the angular aperture uf the 
gUn, lines chat arc wil! correspond with tbe greatcHt oblicgnit;-, at 
rays diverging from the object to the object glass, can pass through 
tter, so ss lo arrive at the eye glaaa. 

474. Vo prodnoe perfect BolirDm&tl>m. — From vhat baa 
ten explained (207. ei leg.), It Is evident that compound object 
iMBB may be produced hy wbich an achromatic image will he 
mud; but unless tbe lenies which form tbe eje piece, that is, 
n eje giaxa and the field gloss, also form an achromatic combtna* 
jB, tbe chromatic aberration which has been effaced bj the per- 
i£oti of the object glass will be more or less reproduced by the 
^nftction of the eye piece. 

This defect might, it is true, be remedied bj making both 

■ ,&ld glass and eye glass achromatic; but independently of 

let objections to such an expedient, it would be needlessly ex- 

II^Te, and tbe same purpose is attained in a much more einiple 

moer; since, by a suitable combination of lenses, differing ia form 

d material, the dispersion produced by a simple converging lens 

il be neutralised, so that tbe extreme coloured images, red and 

tifit, may be mode to coalesce. It ta easy to conceive tbat the 

u of the lenses may be so modifietl as to produce, not Che coin- 

oce of these extreme images, but their interchange of position, 

liat the violet image which was oeoreBt to the lens shall be most 

int from it, and the red, which was most distant from it, shall 

Xb« chromatic aberration produced by a simple converging lens, 
jjlriuob ^le violet image is nearest to the lens, and the red most 
Ut firoui it, being designated jmnfiW ehramalic aberratiim, that 
'ft compound converging lens, such as has been just described, 
which tbe positive chromatic aberration is oner corrected, 
ad in which, consequently, the red image is nearest to, and the 
idet most ^stont from, the lens, is called negative chromatic 

rident that the forms of the compoDent parts of a com- 
Da, may always be such as to give it any required degree 
-- chromatic aberration. 
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Now ttie lenses compoeiag tlie cje piece, being eimple « 
ing lenses, will neceasarllj liave positive diromatii; aberration. 
tbe lenses composing the object piece be bo formed and c 
bined Ibiit tbej shall have a degree of negative chromatjc ■ 
rstioo precisely equal to the positive ehromalie aberraiioD of j 
eje piece, it Is plain that tbe two contrary aberrations will n 
tralise each other, and the result will be that the image 9 
through the eye piece will be, for all practical purpoaes, AtA 



To make this mora evi 
consisting of a doable co 
of flint gluaa, formad so 
be tbe BM gloss. It K thi 

Let V V R R be tbe colonred i 



n glass, and . 
>sa, and o Ibe object. 



■cepted by the field glass F r, are rendered m 
ges Bill accordinEly fonned nearer to it. Tliu k«4 
■ ■ t taya, which a 



-e than it iacreaass 




F cunjoinllj 



There ii another effect produceil by tb 
to notice. The images produced by LI, uliich were slightly fl 
towards p f, are changed In theic form, so sb to be slightly a 

In fina, then, the rays diverging from tb 
Ihrough the e;a glaas E E, have theii divergence 
from more diatanl pointa, 1 1. The divergence of the violet rays.v'*; 
moat refrangible, is moat diminished, and that of tba red rajs^ A K 
least refrangible, is least diminished. If their dive 
mlnished, a aeiics of coloured images would be tbrmed at 1 1, the *i' 
nearer, and Iha red farther from k b; but the divergence of the violet, i^ 
is already greater tbsti tbe red, is just so much greater than tbe UUbTi 
effects of E K npoD it ia such as to bring Iha in 



ogether at 1 1. 

Thus it appears that the positive aberration of the aye glass KEist^ 
equal Id the negative aberration of i. L and F f lakea conjointly, so Qi 
one exactly neatralises the other, all the calonred images coi ' 
and producing an image altogether exempt from chromatid? at 

There ia another imiwrtaut eflis:t produced by the eye gla« 
H' r' v' V', which aro slightly concave towards E K, are rendered sttaicht "" 
aud Sat at 1 1. 



Thu9, it appears thftt, b;^ this tnost^rlj combination, a multi- 
plicity of deiltits, chromatic, ephericftl, and digtortive, are msde, 
BO to speak, to efface each other, and to give a, result, practicallj 
Bpeakin;;, exempt from oil optical imperfection. 

There ia atill another source of inaccuracy whicli, tbou^ it is 
more mechanical than optical, demands a paasing notice. All the 
teoaes composing the microscope require to be act in their re- 
spective tubes, so that their several axes shall be directed upon 
the same stral<;ht line with the greatest matbematical precision. 
This 19 what is called centring the lenses, and it is ft process, 
in the case of microscopes, which demands the moat masterly 
skill on the part of the workman. The sligfateat deviation 
from true centring would cause the images produced by the 
different lenses to be laterally displaced, one being thrown 
more or less to the right anil the other to the left, or one up- 
wards and the other doirnwards ; and even though t}ie aber- 
rations should be perfectly effaced, the superposition of Sooh 
displaced images nould effectually destroy the efficieno^ of the 



a. object pleoea. — In what precedes, Vre bflve, 
to simplify the explanation, supposed the object glass to ConsiM 
of a single achromatic lena, a circumstance which never t^M 
place except when very low powers are sufficient. A eingle lens, I 
having a very high magnifying power, would have bo short ■ I 
locus and such great curtatuTe, that it would be attended with I 
great spherical aberration, independently of other objectionai ] 
great powers therefore, have been obtained by combining sereral 
achromatic leuaea iu the same object piece, ao that the niys pro- 
ceeding from the object are snccessively retracted by each ol' 
them, and the image submitted to the eye glass ia the remit of 
the whole. 

The optical effect of such & cDmbinatitM] will be more clearly Bodanb^d 
by reference to Jig. 12^., where Lt, l^i.', uul t^iy', reprCBBnt a oontriivtloa 
of three Bchrometia object glassea. 

Letoo be the object, placed ■ little wjthia the fbcua^^of the Inu tl- 
TLe image of o o, produced byi.L, would then be na imaginuy gas in 
the poaitioQ ni (15S. eIkj.). After pDMing tbroagb L L, the ray^ Ihera- 
fure, fall upon jJl', sa if they direrged from the severid points qf |li> 
image t t, which may, therefore, be considered as an objaet pUml 
before tlie lens 1/ t/. Let /' tie the focus of 1/ 1/ : the image of 1 1 pn- 
duc«d by 1/1/ will tharefore be imegmary, and will be at I'l'; Ilka np, 
after passing through 1/ if will fall upon W L'', as if they diverged from lb* 
several points of 1' i'. This image 1' 1' therefbre may be conudornl u tn 
ubjeot placed before the lefis L" l''. Let /'' be the focus of the lene.- Iht 
image of I'l' i.roduoed hyU'l/' will tlieu be V e', and will be rejU; lliis 
will then, in fact, be the imige tranaiaitted to the eye piece. 
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To render the diagram 
more easy of coniprehen- 

tpinpted to represent tbe 
several distances ia their 
proper proportions. 

The eompound lenses, of 
whieh object pieces consist, 
are generally, as repre- 
sented in the figure, plane 
on the sides presented to- 
wards the object. This is 
attended, amono; other ad- 
vantages, with that of al- 
lowing a larger angle nf 
aperture than could be ob- 
tained, if the surface pre- 
sented to the rays diverg- 
ing from the object were 

The extreme rays di- 
verging from each point of 
the object, fall upon the 
surface of the object glass 
wiih a greater and preatei" 
obliquity, as ihey approach 
its borders, and since there 
is an obliquity so extretne, 
that the chief part of the 
rays would not enter the 
gipsa at all, but would be 
rfflccl.ed from it, the angle 
of aperture must neces- 
sarily be confined within 
such limits, that the raji 
passing through the borders 
ol'ihe lens will not be to ob- 
lique as to fall under this 
condition. If the surface 
of the object glass pre- 
sented lo the object were 
i-iinvex. it is evident thot 
the rays diverging from an 
object at a given distance 
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from it, would fall npon Us borders with greater obliquity, & 
if it wer^ plane, and, coiiBequentlj, such an object gloss would 
uUow of a lesa angle of aperture, than a plane or convex one 
ils plane side towards the object. 

476, /t4JnatliiK object pleoea. — Improvements have re( 
bten made In object glasses, by which ungles of B])«rture 
been obtained so great, as not to admit even of a plane surfaue 
being presented to the diverging pencil, and it has accordingly 
i^een found necessary, in such cases, to give the object glasses thft 
mtniscus form, the concave Bide being presented to the obJNb 
By this expedient angles of aperture have been obtained ao great 
as 170° with a plane or convex glass; the extreme of pencib 
having such an angle would fall upon the surface of the lens at 
angles of five degrees, and those of the lateral pencils at evoi 
less. With auch obliquities the chief part of the rays wDuld b« 
reflected, and, consequently, the borders of the lens would be 
inefficient. 

The three achromatic lenses here described being mounted, m 
that their axes shall be precisely in the same straight line, con- 
Etitute what is generally called an ol^ecl glati, but which, 
perhaps, might with more convenience and propriety ba dei 
nated an offset piece. 

In the superior class of instiMiments, where magnifying power 'a 
pushed to so extreme a limit aa I ;ao or zooo, the utmost preci-. 
sion in the balance of the aberrations must necessarily be realised, 
since the slightest iraperfectioa so prodi^ously magnified would 
become injuriously apparent. 

477. aian coTer of slldar aoliroma,tUed. — The exi 
degree of perfection, which has been attained in the best class of 
microscopes may be imagined when it is stated that an objeet 
which is distinctly visible under a power of 1 500 or 2000, wfaeD 
it is exposed to the object glasa uncovered, will be sensibly affected 
by aberration if a piece of glass, no more than the tooth of an 
inch in thickness, be laid upon it, Infinitesimally small as is tba 
aberration produced by such a glass film, it is sufficient, when mag> 
niiied by such a power, to be perceptible, and to impair in a verj 
sensible manner the distinctness of the image. 

As it has been found necessary, for the preservatioa of micro- 
scopic objects, to cover tbem with such thin films of glass, thniugb' 
which, consequently, they are viewed, adjustments are provided iR 
microscopes with whioh the highest class of powers are supplieit 
by which even the small aberration due to these thin plates of glas^ 
thus covering the objects, can be corrected. This is effected Itf 
mounting the lenses, which compose the triple object piece, in suQ* 
r that their mutual distances, one from another, oan b 
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vuied within certain Bolall limits, Ijj motiona imparted to them by 
! BCrewB. This cbai]};e of miitual diatance pruducea a small 
«t upon the aberrations, rendering their total results negative, 
in extent equal to the small amount of positive aberration, pro- 
duced by the thin glass which covers the object. 

478. Bre pleees. — The eye gloss and the Held glass are both 
plane or convex lenses, having tbeir plane sides turned towards 
the eye; thej are aet in opposite ends of a, brass tube, varying 
in length from two inches downvards, acuording to thor focnl 
lengths, the distance between them and, consequently, the length 
of the tube, being always ec^ual to half the sum of tbeir focal 
lengths. 

479. T7ae of TOTtaoB poirera. — In the proaecution of micro- 
Bcopic researches, the use of very various magnifying powers is 
indispensable ; the higher powers would be as useless for the larger 
class of objects, as the lower ones for the smaller. But even for 
the same object, a complete analysia eannot be accompli.ihed with* 
out the luccessive application of low and high powers : by low 
powers the observer is presented with a comprehensive view of the 
entire form and outline of the object under examination, just as 

n aeronaut who ascends t« a certain altitude tn the atmosphere 
«bt«ins a general view of the country which would be altogether 
nnattainable upon the level of the ground ; bj applying succes- 
KTel; higher powers, as has been already explained, the smaller 
ports and minuter features of the object are gradually disclosed to 
view, j use as the aeronaut, in gradually descending from his greatest 
altitude, obtdns a viun of objects which were first lost in the 
distauoe, but at (he same time luaes, by too great proximity, the 
general outline. 

The microscope makers, therefore, supply in all cases an asaort- 
menl of powers, varying from 30 or 40 upwards ; observations 
requiring powers under 40, being more conveniently made with 
magnifying glasses or simple microseopes. For this purpose it is 
lal, with the best instrumeata, to furnish six or eight object 
ces and three or four eye pieces, each eye piece being capable 
of being combined with each object piece. The number of powers 
thus supplied will be equal to the product of the number of object 
pieces, multiplied by the number of eye pieces. 

The powers, however, may still be further vu-ied, by provisions 
for changing the distance betwutin the object and eye pieces, 
' hin certain limits. For this purpose, the tube of the instru- 
it is sometimes divided into two, one of which moves within the 
other, like the tube of a telescope, the motion beingproducedbya 
fine rack and pinion : in this case the eye piece b inserted in one 
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of the tabes, aod the object piece in the other. B; combining 
thia provision with a, proper aaaortment of object pieces and aje 
pieces, all possible gradations of power between tbe highest attain* 
able, and the lowest which is appUcabie, can be obtained. 

4S0. KaK»l*oilB of fleM. — The actual magnitude of the spaos 
which call be presented at once to the view of the observer, will 
Ysj'y with the magnifying power ; but in all coses it is extremAj 
minute. Thus, with the lowest class of powers, where it is largest, 
it IB a circular space, the iliameter of which does not exceed tha 
Sth or 1 0th of an inch ; it follows, therefore, that no object, the 
extreme limits of whose linear magnitude exceed this, can be pre 
sented at once to the view of the observer. Such objects can only 
be seen in their ensembie, bj means of less powerful mi^niljiog 
glasses, or with the naked eje. 

481. The field of »iew, with powers from loo to 300, varies io 
diameter from the 1 5th to the 40th of an inch ; from 300 to joo 
it varies from the 40th to the 7otIi of an inch ; and from 500 U 
700 from the 70th to the looih of an inch. 

It will thus be understood, that eren with the moderate power 
of 700, an object to be included wholly within the field of vieWf 
must Lave a magnitude such as may bs 
included within a circle, whose diameter 
does not exceed the looth of an iueh. 
These observations will be more clearlj' 
appreciated by reference to the annexed 
diagram Cfig. Z24.), where a ia a circle 
whose diameter is the 6tb of on inch) 
H one uhose diameter is the I ztb of an 
inch ; c the Z5th ; D the 50th ; and m tbt 

But when etlll higher powers are used, 
the actual dimensions of the entire apaM' 
compr ieed within the field of view will b(' 
BO very minute, that an object which 
would fill it, and itill more, smaller <>b>' 
jecta included within it, would not onlf 
be altogether invisible to the naked eye, 
but would require considerable micro*' 
Bcopic power to enable the observer to 
see them at all. 

The actual dimensions of the field of view, which correspond t& 
each magnifying power, vary more or less in difierent inatramenlb 
Those which 1 have given above are taken from a microscope madS 
by Charles Chevalier, which ia in my possession. The difterencft 
however, in this respect, between one instrument and another, h 
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Twit cbiwiderable, and the above will serve as a fair illuatration of 
the limits of the Geld of instruments in general. 

The entire dimensiana of the field of view, therefore, being so 
exceedingly minute, it nil! be easilj underatoud that some diffi- 
culty will attend the process bj which a small object, or anj 
particular part of an object, can be brought within it : thus, widi 
the moderate power of ;oo, the enti re diameter of the field being no 
more than the 70th uf an inch, a displacemeot of the object to that 
extent, or more, would throw it altogether out of view. If, there- 
ibre, the object, or whatever supports it, be moved by the fingers, 
the lenaibility of the touch must be such as to be capable of pro- 
ducing a displauement thus minute- 

If the object be greater in its entire diraensions tbun the field 
of view, — a circurosiance which most frequently happens, — a part 
only of it con be exhibited at ouce to the observer j and 10 enable 
him to take a survey of it, it would be necessary to impart to it, 
or to whatever supports it, such a motion as would make it pasa 
across the Geld of view, as a dioranna passes before the spectators, 
disclosing in slow succession all its parts, and leaving it in the 
power of the observer to arrest its progress at any desired moment, 
M> aa to retain any particular part under nbservatioa, 

The impracticability of imparting a motion so slow and regular, 
bj the immediate application of the hand to the object, or its sup- 
port, will be very apparent, when it is considered that while the 
enUre object may not exceed a small fraction, say, for example, 
the 20th of an inch in diameter, the entire diameter of the field of 
view may be as much as 20 times less, so timt only a zoth part of 
the diameter uf the object would be in any given position coinprised 

482. Xeobanlam to move Bnd UlmniiiKte tlia objeot. — 
These and similar circumstances have rendered it neeeasary, that 
the want of sufficient sensibility and delicacy of the touch in im< 
parting motion to the object, shall be supplied by a special me- 
ehaniam, by means of which the flngera ere enabled to impart tn 
tlie objeut, an inGnltely slower and more regular motion, than thej 
could give it without such an enpedient. The means by which thia 
H accoraplished will be presently e.iplained. 

We have Been that the intensity with which the microscopio 
image is illuminated, depends on the angle of aperture, other things 
b^g the same ; but however large that angle may be, when con- 
siderable magnifying power is used, it is necessary that the object 
Itaelf should be much more intensely illuminated, than it would be 
bj merely exposing it to tlie light of day, or that of the most 
brilliant lamp. It is therefore necessary to provide expedients, 
by which a far more intense light can be thrown upon it. 
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4S3. To focns tba Inatnuiielit. — The instrament 
in/baia wheii the observer is enabled ta see with the eye gli 
magnified ima^e of the abject with perrect distinctneaa ; th 
take place provided the mutual diataneea between the eye piecey 
the object piece, and the object are suitably adjusted ; and tl^ 
adjustment may be accoinplished by moving any one of these thres 
towards or from the other two, vhile these last I'emtun fixed : th 
for example, if the object and the object pieue remain unmovi 
the instrument may be brought into focus by moving the eye p.t 
to or from the abject piece. The rack and pinion, nlteody ie* 
scribed, which moves the tube in which the eye piece is insi 
can accomplish this. This provision, however, is not made 
microscopes. 

If the eye piece and the object be fixed, the instrument m 
brought into focus, by moving the object piece to or from the 
object. To effect this, it would be necessary that the object pieogi 
should be inserted in a tube, moved by a rack and pinion, like thU 
of the eye piece. 

In fine, if the object piece and eye piece be both fixed, 
instrument may be brought into focus by moving the object, or 
whatever supports it, to or from the object glass. 

All these methods are resorted to in the different forms in wblolf 
microscopes are mounted by different makers. 

484. To render al>Jeota tnuulncent. — Since nearly iQ 
material substances, when reduced to an extreme degree rf 
tenuity, arc more or less translucent, and since almost all nkn- 
scopic objeul^ have that degree of tenuity, by reason of ifaeir 
minuteness, it happens that nearly all of them are more 01 law 
translucent ; and where, in exceptional cases, a certain degree of 
opacity is found, it ia removed without interfering with the BtrnO* 
ture, by saturating the object with certain liquids, which inoreaat 
its tronstucency, just as oil renders paper semi 'transparent. Hw 
liquid which has been found most useful for this purpose, ia oiw 
called Canada balsam. When the object is saturated with thill 
liquid, it is laid upon a slip of glass, about two inches long 1 
half an inch wide, and ia covered with B small pieoe of very 1 
glass, made expressly for this purpose, the thickness in some 01 
not exceeding the looth of an inch. It is usual to envelop 
oblong slip of gla.as, in the middle of which the object ia t 
mounted, with paper gummed round it, a small circular hole beii 
left uncovered on both sides of the glass, in the centre of 
the object lies. 

The slips of glass thus prepared, with the objects mounted npoa 
them, are called tlideri 1 and the objects so mounted itre M 
placed that thq axis of the object piece shall be directed upoi^ 
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that part of lliein irliich 19 sabmitted to observation, provisiona 
being made to shift the position of the sliiier, so us to bring all 
parts of the object successively under observation. Further pro- 
visiona are alao made to throw a light upon the object, bj which it 
will be seen as an object is on painted glass. 

Since, however, there are some lew objects which cannot be 
rendered translucent, expedients must be provided, by which they 
can be illuminated upon that side of them which is presented to 
the microscope. It Is often necessary, alao, even in the case of 
translucent objects, that they should be viewed by meana of light 
thrown upon that side of them which is turned to the object glaae. 
48 {. Koiuitlnir and aoeeHorlea. — These general observations 
being premised, we ahall proceed to esplain the method by which 
the optical part of the instrument is mounted, and the eeveral 
accessories by which the object ia supported, moved, and illu- 
minated. 

Let U9 suppnsc, for the present, that Ibe eje piece e e, Jig. 115., and the 
ubJBct piece n. are niounied in a vertical lube, vrith wbiisB ejt'n AAA, the 
■sveral axes of the lenaes, accumtely coin<:ide. Let dd be a diaphragm, or 
bUckeneil circular plats, with a hnle in its eentre, placed in the focua of the 
eje glass, by wbicb all rays of light not necessary to furm the image shall 
ba Intercepted, l^et t> be a milled head, by turning which the tube which 

another milled head, by which the tube which 
I be moved within certain limits to and from tbs 
Dlgect, or by which the entire body B D of the microscope, carrying the object 
Ili«c« and ejie piece, can be moved tu and from the abject. 

Let a B be a flat stage ot blackened nnetal or wood, having a circular hole 

nunts. aothat the axis aa Aof the inicrDscope shall paw through lh< centra 
of the circular aperture, and ao that its plane eholl be at right angle 10 that 
axis. Let a elider, each as we have dcecribed above, Dpoa which an object 
ia mounts , be laid upon this stage, so that the ubjer.t ahall be in ibe centre 
ftf the hole, and therefore in the axle A a a of the mieroecopo, as ehowti 
ata'a'. 

Let H H be a concave reflector, receiving light either from a lamp or a 
Window, and reflecting it npwarde towarda the opening in the slider, in mn- 
verging raya, so as to condense the light with more or lex intensity upon 
the under aide of the object; if the conve^ence produced by M M be iniuffl- 
C>mt,ilinay be aagmented by the interpoeltlDn of a convex lens oc, This 
may or may not be interposed, according aa the abject is amoller or greater, 
and requires a more or less Intense illuminadon. 

The light thus thrown upon the lower side of the object, the latter, bdng 

If the object be opaqae, it may be illuminated fh>m above by several expe- 
dientai being placed upon a blackened plate reatlng on the stage bb. light 
paoceedingfrom a window or a lamp may be condensed upon it by a concave 

■ppKeable when Ibe object ia at such a distance ftom Ihe object piece, that 
the light reflected by u' u' or l l shall not be wholly or partially 
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eepted tuy Iha ofgect piwe. This wonld. slwaya bs the case, howerer, when 
very hif^h powers are used, aod wfaeila consequently, the object mnsC bfl 
brought very cloae tn the ubject piece. In Ihat cam tlie object is Bupported 

aC wvr; tbis support ia placed in Cho centre of thn opening of the slsge, so 
■ itsrcepc any but IbBrentral raya reflected from hhi upon Iha end 
of the object piece a conc&va roQector, having s bote in its centre, through 
■which the objwt piece peases, is fined; the light proceeding from mm, and 
Tailing Dpon this reflector, ia reflected byit, aoaalo converge upon the object. 
Hid thus to illuDiiaale it. 




IB illumination of objecta it ia frequently neceasary lo limit, to ■ 

or less extent, the diameter of the pencil of light throum from tha 

r, M M. upon the object. Although this may partly be accomplished 

hy nrybig tha distance of the reflector from the ollject, or by the inWrpori- 

a, auch expedients are not alnaya the most conveoient, 

and a much more ready and efibctoal 

method of attaining this end is supplied by 

providing below the stage, ss, a circular 

blackened disc, capable of being loroed 

upon its centre in lis own plane. Thia diio 

lierced with a naraber of holes of dif- 

nt diameters, as shown in_^p. jx6,, and 

B so mounted, that thg opening* in Iti 

by turning it round its centre, mar be 

brought Bucceasively under the object. 

This JB Biuily done by fixing the centre of 

this disc at a distonce from the centre of the 

atage, equal 10 the distance between the 



This appendage is called the diie af iHa^ragai, and is of great ose in the 
fllmnination of objects, as will appear hereafter. 

As the effect of the illumioatora varies not only with their distance from 
tliBolgBct, but also with (be direction in which the tight directed from Ihein 
blla upon the object, provisions are made in mounting the microilcope, by 
whi«h virions positions may bo given to them, ao that the light may fall 
ipon the object in any deured manner. 

487, XUnmliiatliic Kppu«tii>. — In the fronie ill which the 

iUumiiiBtor, m m, is mounted, it is customary to plaro two re- 

flecliira, one at eaoli side, one concave and the other plane, By the 

former a converging, and by tbe latter a parallel, pencil of light is 

• reflected towards the object. 

In this general illustration we have supposed the axis of the instrument to 
be vertical; it may, however, have any direction whaleveri hutwhaloTBc 
be its direction, the stage, a a, must always be at riabt angles and concentric 
with iL The eve pieca and object piece are also suppwied to be tet in the 
le straight tube, with their axes set in tbe same straight line. This 
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arrangement, though mort commonly adopted, is neither neoieBsarily n6r 
always so. The tube which carries the eye piece may, on the contnry, 
be inclined at any desired angle with that which carries the object piece; 
for tiiis parpose it is only necessary to place in the angle form^ by 
the two tubes a reflector, so inclined that the rays coming from the object 
piece shall be reflected along the axis of the tube which carries the eye 
piece. 

488. Metbod of rendering axes of eye piece and objeet 
piece at ripbt angles. — Thus, for example, if the tube which 
carries the object piece be vertical, a plane reflector, m M,Jig. 227., 
receiving the rays coming in a vertical direction from the object 
piece, will reflect them horizontally to the eye piece b e. 




K. 




Fig. 228. 



Fig. 227. 

The same object would be attained with more advantage, and less loss of 
light, by means of a rectangular prism, A b c,^. 228., the vertical ray, r r 
being reflected by the back, a c, of the prism in the horizontal direction 

Since a single reflection thus made produces an inverted image, it is some- 
times preferable to accomplish the object by two successive reflections, as 
shown in Jig. 229., where the ray, a b, is successively reflected at b and c to 
the eye at d. And the same object may be attained more advantageously by 
means of a quadrangular prism, as shown in^. 23a 

Much practical convenience often arises from the adoption of 
this expedient ; thus, while the object tube is directed vertically 
downwards, to an object supported on a horizontal stage, or float- 
ing on or swimming in a liquid, the eye tube may be horizontal, 
80 that the observer may look in the level direction. In this case 
the two tubes are fixed at right angles, the reflecting surface being 
placed at an angle of 45® with their axes. We shall see here- 
after a case in which, by the adoption of an oblique tube, several 
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obBerrers tuaj at the same time, looking through difTerent e 
pieces, aee the some object through one and the same object gla 
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489. Tbe Bappiirt onA movement of tha objeot. — The ap' 

pendage of the mifroBcope, adnptud for the support of the object, 
called the stage, has been already described in its most simple 
form. 

Since every motion or disturbante by which the stage maj be 
tfiected vill necessarily be increased, when seen through the 
microscope, in the exact proportion of the magnifying power, it 
is of the utmoat importance that it should be exempt irom all 
tremor, and that it should have strength sufficient to bear, without 
flexure, tbe pressure of the bands in the manipulation of the 
object. When a high power is used, the focal adjustment of the 
instrument requires to be so exact, that a displacement of the 
object, which would be produced by the slightest pressure of the 
fingera upon a stage not very Grmly supported, would throw it 
out of focus. 

Fine screws are applied, in various ways, to focus tbe instru- 
ment by varying, at pleasure, the distance between tbe stage and 
the object glass. Generally two classes of adjustment are pro- 
vided for this purpose. The first, called the coarse adjustment, 
by which the stage is moved towards the body of tbe instrument, 
or the latter towards tbe stage with a quick motion, so as to bring 
the object approximately to the focus. Another much liner screw 
is pBvided, called the fine adjustment, which produces a much 
ilower motion of the same kind, by means of which the ini 
il iccurately focussed. 
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e. — Slow motions, in difTerent 
directions, are imparted 
Btage on wliicli the object ii 
placed by siaiilar means. The» 
stages are varioualy constructed, 
t generally consist of two or 
>rc flat platea movable, one 
upon the other, by means of fine 
Ecren's, one of which imparts a 
motion right and lel^ and the 
other a motion backward and 
forward. These screws lire moved by milled heads placed at the 
edges of the stage, as shown in /ig. 131. 

In fg. zjz. a circular stage ia shown, which ia capable of being 
turned in its own plane round its centre, wliile, by means of tha 
" v', it can be moved transversely in two directions at 
o each other. 
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■ Ibnna of tlie Inatrnment. — The methodt' 4 

mounting microscopes, so as to adapt them 
the ease of observers, arc very variooa, depending on the piirp 
to which they are applied, their price, the eiigencies of the pnJ 
chaaer, and the skill, taste, and address of the maker. 

The qualities which it is desirable to confer upon the stand w 
mounting of the instrument are, simplicity of c 
portibility, smoothness und precision in the act 
moving parts, and auch combinations aa may cai 
imparted to the stand to be distributed equally OTcr every p 
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Fur tbe illuminiiUoii of opiuiue objects, a iea a attacbed by a jointed un 
to [be upper part of the pillar, on v^ich the inetmment is BUpponad. 

M. Lercboura, of Paris, mokes excellent microscopes on this 
model, with a triple achromatic object piece and other ftccesaories, 
which he sells at the \eij moderate price of 90 francs (31. IM.). 
Several thousands of these have been sold. 

Most of the better class of instruments are bo mounted, that ttoj 
direction whatever can be given to the axis uf the body, Varioug 
mechanical expedients are used for accomplishing this, most of 
which are analogous to the methods of mounting telescopes. In 
some, the instrument with its appendugea is supported upon two 
uprights of equal height by means of trunnions, which pass through 
its centre of gravity, so that it turns upon its supports like 1 
transit instrument, die axis of the body being capable of assuming 
any inclination to the vertical. The observer, therefore, may at 
pleasure look obliquely or vertically downwards, or obliquely up- 
wards, as may suit his purpose. 

Similar motions are also produced by mounting the instrument 
upon a single pillar by means either of a cradle joint, such as is 
generally used for telescope stands, or a ball and socket. Stands 
of this form are attended with the advantages of offering great 
facility for moving the instrument horixoutuUy round its axie. 

In the attainment of all these objects, as well as in the produc- 
tion of eye pieces and object pieces of capital excellence, the 
leading makers of London, Paris, Berlin, and Vienna, have ho- 
nourably rivalled each other, and it may be moat truly said, (0 
their credit, that if some have excelled others in particular parts 
of the instrument, there is not one who has not in some way oi 
other contributed, by invention or contrivance, to the perfection 
either of the optical or mechanical ports- 
Much, however, is also due to the eminent philosophers and 
professors, who have more especially devoted their attention to 
those parts of science, in which the microscope ia a necessai? 
means of observation, and foremost among these is the patriuwsh 
of optical science, Sir David Brewster. It would be difficult to 
name the part of the instrument, or of its accessories or append- 
ages, for the improvement of which we are not deeply indebted 
to this eminent man. Among the more recent philosophers who 
have contributed to the advancement of micrography, and by 
whose researches and suggestions the makers have been guided, 
may be mentioned Messrs. Goring, Lister, Coddington, Quecket, 
Mandl, Dujardin, Le Baillif, Seguier, De la Rue, and numerous 
others. 

The eminent makers of the British and continental capitals are 
trell known, Giood instruments of the loir priced sari arc.n 
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~b]' nearlj' all the opticians ; but those irho have more especially 
ilevdled their labours to the microscope, are Messrs. Rosa, Smith, 
■nd Beck ; Powell and Lealand ; Prilchard, VBrluy, and Pillischer, 
London ; Messrs. Nachet, Charles Chevalier, and George Ober- 
Luser, of Paris; MM. Ploessel and Schieck, of Vienna; and M. 
TiBkir, ofBerlia. 

Without the intention of assigniog any relative precedence to 
these nrtiata, we shall now present a brief description of some of 
' e instruments, according aa they are severallj mounted by 

493. OIieTailer'a unlTcnal mforoscope. — The mounting of 
ifl instrument offers many conveniences and advantages to the 
observer. 

A mahogany cBBB A, ^j. ij+Cp. j56.),contiiiniDg a drawer b, in which Iha 
iDMiament and its appendages are packed when oat of nac serves sa its 
jraas pillar, c c, is firmly screirfd into tlie top of the asf, 
and npon this pillar the entire instrument is supported. 

The pillar c c satnetlmes is nude in two lengths, which are si:rewed one 
ion the other, by which means the beigbt of the iDstrnment may be varied 
pleuore, oilher one or both lengths being used. 

'Ed on the jaiat k with a hinge molion 



IbUitci 
pliMdat 



To the middle d of the ann e c, a square braia bar n 
light angles lo b c, so that when b f is at right angles 
b parallel 10 c o. In the face of the bar D F o. whi<:h i 
|Kk) 



ileaiun npwardi 
■eaili o and n. 



IS of pinions, having mllle^l 

To the aquare piece r is attached the stage z, upon which the object is 
pUcad, and niBinluined in its position by two springs, one of which ia shown 
* the figure. This stage Is proTiiled with several a<ynstment8, which have 
« dready explained 1 it will be tufflcient. for the present to observe thai it 
(capable of being moved upwards and downwards with the square jMece p, 
Vi^eh it is Bttacheil, by taming the toilled head o, and that a slower 
t adjustoiBnt, is- imparted lo it by a fine screw 
ttflng a milled bead at q. 
*&> the aqnara piei:e M is attached the illuminator )i, on one side. K, uf 

b illuminator has two motions, a horizontal or lateral one upon a joinl at 
], by which it can be placed at pleasure either vertically under the centre 
r tha atage e, or at a limited distance on one aide or other of the vertical 
brMgh the centre of the itage. The ciranlar illumlnaliir la suipcnd«d at 
m poiala diametrically oppoaitfl in a umicircular piece, and may be placed 
t any deaired inclinalion to the vertical, niid with either reReclor upwards 
If means of the milled head 1. 
Tma the lowoet part of the pillar ecu piece projects, hai ing a cavily 
ling with the siie and form of the bar pro, Into which. IbM. W 
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worldiig In a niFk. The eye piece s ia inserted in (his tube, and the eye it 
protKted froai the light by a circnlar blackened screen, seen edgeirayii in 
tbs flgore. The rocWugaliu' tnbe v x ie inserted by a bnyonet-joinl in the 
remote end of the body r, in nbich it is capable of being turned, so Ibul the 
object tube X shall be horizontal, to enable the observer with greater 
ficility to screw on or to change the oiijact pieces at if. 

ThebOdy is attached to the barn e by a joint at c, upon which it can be 
tamed, by which means olhec positiunscun be given b 



The position in which the instrument is generally used ia that 
represented in the figure. Varioua other positions, however, may 
be given to it. Thus, the objeot piece may be directed upwiirda 
by turning the rectangular piece ia the tube of the body, and the 
Bt^;e with its appendages in that c«ae ia placed above the object 
glass. This is conveuient when chemical substances are observed, 
which by evaporation might tarnish the instrument. 

By the reniava] of the rectangular piece v x the object piece 
ma; be inserted directly in the tube of the body, so that its axis 
shall coincide with that of the body. By this arrangement the 
iiutrument may be placed with its axis verljcal, or inulined to 
the vertical at any desired angle, by means of the joint b, 

4.9^ Biwi'a Improved mlcroicope. — Mr. Ross holds a place 
in the foremost rank of philosophical artists, and deservedly enjoys 
an European celebrity. 

To his labours, perseverance, and genius, much of the perfection 
attained in the construction of object lenses is due. The ad- 
jufting object piece, already described (477.)) is one of his recent 



In the progressive improvement which the microscope has 
undergone in his hands, the stand nnd ihe mounting, with the 
provisions for the arrangement of the accessories, have of course 
b«en more or less modified from ti me to time, and are at present 
varied according to the price of the instrument and the purposes 
of the observer. 

We shall here give a short description of the most recent Jurm 
^ren by him to his beat instrunieats. 

DpoD m uipod, 1, 1, (_fis. 13J., p. 15>.). are et«cted two upright pieces. 1, 1, 

gtbened by inside butCreasos, j. Them aprlghls support a horizonta 

.4, which poKses nearly through the centre oT gravity of tf'e Instnnmint, 

afoa wtiicli it turns, so that the axis uf the body may be placed to uy 

divecliaD,— vertical, horliontal, or olili'ine. The iguaro bar, 5, having a 

nek at the back, is moved in Ihe box. 6, by Ihe pinion, 7. The body, S, it 

liuated in > ring at Ihe end of the arm, 9, which liUler ie flxed upon a pin 

•t iha end of the rod, 5, upon which il luraa, au ai to remova at pleunte 

Ihaotjed piece from over the stage, to change or clean the lenss). The 

•cm 9. can be fixed in ill position by Iha pin, whou milled head l> lo. 

The Inslrumcnt ii focnsaad Gist by moving the body to and from Ihe stage 
by meani of the pinion, 7, and racli, 5. the adjustment behig completed by 
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■ RiDcfa alomr motion imparted lo (he bod; b^ the milled lii^ad, 1 1, which is 
coiiD«tfld with a Bcrew and lever, by one revolution of which the body is 
moTed through the 300th pari of aa inch. An clastia play is allowed to the 
body, » as to guard againat injury by Che ocddcntnt contiicC of the abjei:C 
piece with the slider. 

The Dsuat reutanguUr motioaa are imparted (0 the stage, 11, through the 
eitenlof an inch, by the milled beadfc ij, which act on piniona by which 
the racks ore driven, which carry the stage right and left, and backward and 
fbrword. Tha illnminating mirror, 14, is supported in the usual way, so as 
to be placed at any desired angle with the axis of the instrument. Below the 
je is fixed an aim, 15, capable of being moved up and down by rack and 
ioiL This arm supports a tube, 16, intended to receive apparatus lo mo- 
diff the light transmiltBd by 14 to the object. Various apparatus for con- 
denting and otherwise modifying the illuminatiou ore provided, which fit 
into this lube, 16. A motion of ravolution round its axis is given to this 
tube by the milled head, 17. By thcsa >Dean8,the effect of oblique ligbtcon 
be ahowu on all parts of the abject. A condenser, il, invented by Mr. Gillei, 
of a peculiar construction, provided with a series of diaphragms forraod in a 
conical ring, ii inserted beneath the iXage, 

Polarising appatatus, and other appendages, can also be attached to the 
secondaiy stage. 

With lus largest and best instrumenis, Mr. Roas supplies fuur 
eye glasses ami eight object glasses, by which thirty-two varieties 
of power anil illumination may be obtained. The object glosses 
vary from I inches to a 1 2th of an inch ia focal length, and 
from 1 2° to 1 70° in anj^lar »[>erture. 

49;. Meaara. Smltli and Beok'a inlaroscopea. — The largest 
■tid most efficient class of instruments constructed by these artists 
do not differ much in their mounting from those of Mr. Koas, 
■bove described. Like the latter, tfaej are supported by a bori- 
Kont«l KJtis, between two strong vertical pillars, screwed into a 
tripod base. The instrument with ita appenduges, turning on the 
horizontal axis, can thus be placed at any obliquity whatever 
with the vertical. The coarse adjustment of this microscope is 
mnde by a rack and pinion, by whi<:h the entire body is moved to 
and frotn the stage. The object plec« is set in a tube, which 
moves within the piincipal tube of the body, the motion being 
imparted lo it by a fine screw with a milled head, wUch consti- 
tutes the line pdjuittment. Two different kinds of stage are sup- 
plied, one called the lever stage, consisting of three plates of brass, 
the lowest of which is fiAed, and the orher two provided with 
guides and slides, and a lever by which they may be moved, to- 
gether or separately, in directions at right angles to each other; . 
the other form of stage also has two motions at right angles to 
each other, one produced by rack and pinion, and the other by a 
screw whose axis in carried across the stage, and is turned by the 
left hand, while the rack and pioion is turned by the right hand. 

Messrs. Smith and Beck also construct other forms of micro- 




Fig. ij6.~Ub»>. Sm tb >i>e> Bkk • niiun H 
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scope, wbici, though perfectly efficient, are cheaper and more 
simplfe One of these is represented in j?g-. 236., the det^a of 
which will be easily underatood after the esplanationa given 
above, without further description. 

496. Xr. Varlej'a microBoope. — This artist has constructed 
instruments with provisions similar to those already described, 
but somewhat clifferent in their form and detmls. He bus, how- 
ever, recently introduced a microscope, which claims the ad- 
vantage of enabling the observer to esamine liviug objects, such 
BE animalcules, notwithstanding the inconvenience arising from 
their reatleas mobility causing tb«m continually to escape &om 
the field of view. Tiie stage motion, with its appendages, con- 
trived by Mr. Varley, enables the observer, without difficulty, to 
pursue the object. 

He has also contrived a phial microscope, by which aquatic 
plants and animals can be conveniently observed. 

497. BI. ITKctiet'B mioroaeopai. — M. NacbeC, of Paris, baa 
acijuired ao European celebrity for the excellence of his instru- 
inenta, and fur the various inventions and improvements in their 
construction, by which be has extended then- utility. He has 
oonitructed instruments iu various forms, according to the uses 

'to which thej are to be applied and their price. For medical and 
diemicul purposes, the bodf of the microscope slides in a vertical 
tube, the coarse adjustment being made by a rack and pinion, 
and the fine by a screw. The stage is firmly fixed under the 
object piece, at the top of a hollow cylinder, within which the 
illuminating apparatus and other appendages are included. 

One of the most recent novelties due to this eminent artist, is 
B form of microscope by which two or more observers may, at the 
same Utne, view the same object, thus conferring upon the com- 
mon microscope a part of the advantages which attend the soUx 
mictvecope. This is accomplished by connecting two or mora 
tubes, each containing its own eye piece, with a single tube con- 
tuning an object piece; it has been already shown that the axis 
of ibe tube containing the eye piece, may be placed at an; desired 
ittelination witb that which contains the object piece, by placing 
in the angle formed by the two tubes, a reflector, or rudecting 
prism, in such a position, that the p>encila of raja proceeding from 
ihe object piece shall be reflected t« the eye piece, without other- 
wise deranging them. It is evident, therefore, that if the rays 
proceeding from the abject piece could be at the tame time re- 
ceived by two or more reflectors, so placed ai to refiect them in 
two or more directions, they might be transmitted along two or 
tnore tubes in these directions to two or more eye pieces, through 
irbich the same object might thus be viewed at the same time. 
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and through the same olDJeet piece by \ 
observera. 



lh» DhjO. 



istrnment of Ihia lieacriplion is shown ia fig. 157., where A 
ce directed vertically downwards on the stage; abovn '" ' 
ag a triangalar prism w&idi ia so fanned that the lisht rt 




from its left side shall pass aloSj 
leflecled from it« right side alon 
lookiog into eye glasses set in tt 
object in prccisoly the same mai 

It may perhaps be objected, that the Tocas vhich wntild aoit the eje of OM 1 
observer, noold not snit the other ; the difference, bowever,belvreen the (ix«l 
s^juatmeotB of diffaient eyes is always so inconsidsrable, thai it cai 
eqnaliBad by a small motion given lo the tubes carrying the eye plecu. 

Microscopes, as they are nsaally mountnd, reverse the objecta, the t<^ 
pearing at the bottom, the right at the left, and Dice Berad. Thig being fci 
inconvenient in inatramonts nsed for dissection, vhere the motion of tlH ' 
band and the siilpel of the operator wtnild be reversed, 1 
videil by which the imago is redreesod, and the object vi 
position. This is accomplished in llie microscope represented in Jig. i]7., bfM 
two prisma flied at H n' in the tnbea, which are placed at right Bngl«fl 
to the lower prism i ; by this sect-nd reflection, the reversed image of Ibll 
first reflection, being again reversed, is made to correspond with the naturd I 
position of the object. 

49S. ll'B«liet'a blnoonlar aad itereoBooptc mlcroaoopeB. — < 



icfj of this form of ii 



which nia; b 
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called a binocular microscope, JE shovm 
inJig.zjS. In this case the two tubes, 
Bc and b'o', containing the two eye 
pieces, are placed purDllcl to each other, 
the distance between them being regu- 
lated by tlie screws v v ; if this distanue be 
ED adjusted as to correspond with the dis- 
tance between the eyes of the same indivi- 
dual, the microacope maybe used with both 
ejes, in the same manner as a double opera 
glass, Thia has the advantage of giving 
a stronger appearance of relief to the ob- 
jects viewed, whiuh is eapecially desirable 
foracertainclassafobjeots,auchas crystals. 
The smne maker has recently con- 
Btnicled microscopes of a like form, hav- 
ing the properties of the stereoscope. 

499. Triple mloroaoope. — A triple 
microscope, upon the principle above de- 




■cribed, is shown in _fig. 139., where * is the object piece, 1 
' ii^« prism, and c, c', and c" the three eje tubea. 
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cannot be so viewed by the naked eye, by reason of its distance. 
The term h derired from two Greek words, frjAt (telej, at a dia- 
tmtct, and oKmnai, / mew. 

Its principle is identical with that of the cnmpound niieroBCope. 
An optical image of the object to be viewed is produced by means 
of a concave reflector, or a converging lens; and this im^;e is 
then submitted to observation witb a microscope composed of one 
or more converging lenses. 

Telescopes consist, therefore, of two classes. Reflectors and 
Re&actors; the image being produced in the former class by 
concave reflectors, and in the latter by lenses. 

502. Tlie arttoiiaa refl«otdnK teleaoope. — A longitudinal 
seotioa of thjs instrument is represented in Jig. 241. 1 a n is a 




large concave speculum formed of an alloy of metals adapted to 
receive a high polish. A circular aperture is made in the centre, 
M that the reflecting portion of the speculum is that part only 
vbicb is ontBide the circular aperture. A second concave spe- 
eulmu c D b placed with its concavity in the other direction, at a 
distance from a n greater than the focal length of the great spe- 
culum. The eye piece r is placed in a smaller tube inserted in 
the greater one opposite the opening of the great speculum. 

The extremity of the great tube being open, and presented to- 
wards tbe object of observation, an inverted image of this object 
is formed at mn in the principal focus of the great speculum ab. 
This image forms an objuct for the small speculum c n, and 
another im^e is formed in the conjugate focus ni' n',- this latter 
image being inverted with respect to m n, and therefore erect with 
respect to the object. 

The pencils proceeding from c t> are sometimes brought to n 
focus by the interposition of a converging lens e, called a field 
);la3a (470.), but this is not necessary. 

The image m'n' is viewed by the eye glass f, which, as already 
espltuned, may be coneidered as a simple microscope. 

The telescope is mounted with proper apparatus, by which it 



r 
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can be directed to the object, and by which its foons can be TVgih 
lated. 

joj. Caw«ffratii's redectliic telei«ope. — A lnn^tudiDiI 

eection of this instrument is given iny^. 242. Its details s 



Flu. HI. 

bU respects similar to the Gt-^orJan reflector, except that ibi 
second speculum cd is cnnyes, instead of being concaTE, and 
receives the pencils proceeding from ab before they come 
focus. It turns them back tow-arda the eje piece, where an in 
is formed, as in the former case. 

504. Wcwtonian relleetiiiK teleaoope. — A longitudinal 
lion of this inatrument is represented in_/^. 2+3 ^ where AB il 



great speculum which would form an image of the object a 
in its principal focus. But the pencils, before they arrive U 
point, being received upon a plane reflector c D, placed a 
of 45° with the axis of the telescope, the image is formed at m' if 

in a lateral tube inserted in the great tube, where it is Tiewed b 

an eye piece, aa before explained- In this case the open end A « 
the great tube is directed towards the object, and the obaervCd^^ 
examines the object by looking in at the side of the telescope, II 
a direction at right angles to its length. 

In all these cases, the central rays of the pencils directed UJMI 
the great speculum are lost. In the Gregorian and CasaegniOi 
the central portion of the apeculum is removed, and in the Newv 
Ionian telescope the central rays are intercepted by the pluQ 
reflector c d, ' 

505. Heraohel'i teloHiope. — The form of reflecting telesCOpA 
which, until a recent epoch, had attained bj far the greater C< ' 
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brity of hqj that hud been canstnicted, is tbat which was erected 
by Sir W. Ilerschel, and used by him with such Bigtial succeas, 
as to render his name memorable ■□ the biEtorj of astronomical 
science. Herschel, after haviog oonstructed a great number of 
reflecting telescopes on the NewtODinn principle, varying from seven 
to twenty feet iu length, aided by the patronage of George III., 
completed in J789 hia celebrated teleacope, forty feet in length, 
by which, on the very day it was completed, he diacovered the 
*ixth satellite of Saturn, The great speculum of this telescope 
measDred nearly fifty inches iu diameter, its thickness being three 
inches and a half, and its weight about half a ton. The open end 
of the telescope being directed to the point of the heavens under 
observation, and the speculum being fixed at its lower end, the 
observer is su^euded in a chair, so as to be able to look over the 
lowest part of the edge of the opening. Tlie speculum being a 
little inclined to the axis of the tube, the image is tbrmed near 
the lowest point of the edge of the opening, where it is viewed by 
tbe observer with pri>per eye pieces. 

The quantity of light obtained by this prodigious speculum, 
enabled Sir W. Ilerschel to use magnifying powers which greatly 
exceeded any which before his time had been applied. He was 
thus enabled, in eiomititug the fix«d stars, to apply in some eases 
ft nia|:Qifybg power of 6450, 

This instrument is represented in ^, 244. (p. 368.). 

The instrument is mounted on a platform which revolves in 
azimuth on a series of rollers. The tel(!Sco[>c is placed between 
four ladders, which serve the double purpose of a framework for 
its support and a convenient means of approaching the superior 
end of the great tnhe. These ladders are united at the top by 
being bolted to a cross bar, to wLich the pulleys are attached, 
By one system of pulleys tbe telescope is raised or lowered; and 
by another the gallery or balcony in which the observer stands is 
also raised or lowered, so as to enable bim to look into the tube. 
These pulleys are each worked by a wiiullass established on the 
pUttbrm below. The framing is strengthened by another system of 
diagonal ladders, as well as various masts and braces, which appear 
in the Sgure. Tbe telescope is so mounted that it can be raised 
un^ its axis is vertical, so that an object in the zenith can be 
observed with it. The observer's gallery rests iu grooves upon 
the ladders, and slides up aud down easily and smoothly by the 
openljoit of the pulley, so that when the telescope tube is elevated) 
even to the lenith, the observer can ascend and descend at plea- 
sure, by signals given to the man at the windlass. A small staircase 
i* placed near the foot of one of the principal ladders, by which 
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' cAtservcrs can taount into the gallerj irben-it b let down to ita 
lowest point. 

llie total length of the telescope tube ia 39 ft. 4 in^ and its 
dear diameter 4 ft. 10 ia. It ia conatructed entirelj of iron. 
The great speculuui is placed in the lower end of the tube, the 
^)paratu9 for adjusting it being protected bj the wooden struc- 
ture which appears in the fi^rure. The diameter of the gpeculum 
ia 4 ft., and tiie magnitude of its receding surface is couaequeotlj 
12*566 square feet. It contains 1050 lbs. of metal. 

The axis of the speculum is so inclined to that of the tube, 
that its focus is at about two inches from the lower edge of the 
upper mouth of the tube, so that the observer, standing in the 
gallerj with his back to the object, and looking over the edge of 
the tube towards the speculum, can direct an eve piece, con- 
venient!; mounted at that point, upon the image of the object of 
observation formed by reflection in the focus. 

Three persons ore emplojcd in conducting the observations: the 
observer, who stands in the gallerj- ; his amanuensis, who ma; 
either be in the gallerj or in the wooden house below, receiving 
the dictation of the observer bj a speaking tube ; and the person 
who works the windlass. 

506. TIM leaser Koue t«te*o«ve. — This instrument, with its 
mounting, is represented in j^. 24.5. The arrangements are so 
unular to those of the Herscbelian instrument described above, 
that thej will be easily understood from the plat« without further 
description. The speculum is of 3 feet aperture, and 7'o686 square 
feet reflecting surface. The length of the telescope is 27 feet. It 
it erected upon the pleasure grounds at Fursonstown Castle, the 
Beat of its illustrious constructor. The weight of metal in the 
speculum is about 1 3 cwt. 

507. Tbe greater Xomo telescttpe. — Thb stupendous tnstru- 
ntent of celestial investigation, by far the largest and moat powerful 
erw constructed, is represented in_figf. 246. and 247,, fium draw- 
inga made for this work under the superintendi^nce of bis lordship 
liinueif. Fig. 247. presents a south, and_^. 246. a north view of 
the instrument. 

Tbe clear aperture is 6 ft., and consequently the magnitude of 
tbe reflecting surface is z8'Z74 square feel, being greater than 
tbiA of Herscbel's great telescope in the ratio of 7 to 3. 

Tlie instrument ia at present used as a Newtonian teleacc^ 
(J04.); that ia to say, the raja proceeding along the axis of the 
gretX spoculum are received at an angle of 45" upon ■ second 
•null speculum, by which the focus ia thrown lowanla the side of 
the tub« where the eye piece is directed upon them. Provision is. 
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howerer, made to use the instrument also oa aa Herschclian tele- 

Tbc great tube is supported at the lower end upon a massive 
univei'sal joint of cast iron, resting on a pier of stone work 
buried in the ground, and is so counterpoised as to be moved with 
great ease in declination. In all such instruments, when it is 
required to direct them to an object, the}' are first brotai^ht to the 
desired direction by some expedient capable of moTing them more 
r^idlj, and thej are afterwards brought exactly upon the object 
by a slower and more delicate motion. In this case, the quick 
motion is given by a windlass, wartced upon the ground by nu 
assistant at the command of the observer. The slow motion is 
imported by a mechanism placed under the hand of the observer. 
The extreme range of the telescope in right ascensiou, when 
directed to the equator, is l hour in time, or I 5° in space ; hue 
tfken directed to higher declinations, its range is more extensive. 

The tube ia slung entirely by chains, and is perfectly steady, 
even in a gale of wind. 

When presented to the south, the tube can be lowered until it is 
nearly horizontal ; towards the north it can only be depressed to 
the altitude of the pole. The apparatus of suspension is so 
■rranged that the instrument may be worked as an equatoria], 
and it is even intended to apply a clockwork mechanism to it. 

The horizontal axis of the great universal joint, by which the 
lower end ia supported, carries an index painting to polar distance, 
■ad playing on a graduated arc uf 6 feet radius. By this means 
the telescope ia easily set in polar distance. T'he same object ia 
also atuuned, and with greater precision, by a zo-iach circle 
Mtached to the instrument. 

Iwo specula have been provided for the telescope, one of which 
contuns 3^ and the other 4 tons of metal, the composition of which 
11 126 psrta by weight of copper to 57^ of tin. 

The great tube is of wood, hooped with iron, and is 7 feet in 
ffiamelei, and ;z in length. The side walls, 1 2 feet distant from the 
tube, are 72 feet in length, ^3 feet in height on the outside, and 
, 56 feet on the inside. These walls are built in the plane of the 
meridian. 

A rtrong semicircle of cast iron, about 8 J feet in diameter, ia 
iftrady bolted to the inside face of the eastern wall, and is seen in 
■Jig. 146. ; the telescope being cuimectcd with this circle by a strong 
naked bar, furnished with friction rollers attached to ttie tube, 
'RO that tbe observer with a handle near the eye piece can inove 
it on either side of tbe meridian to the distance of about 7)^', 
cr lialf an hour of right ascension, on either aide of an equatorial 
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The eUdrs and galieries for the observers are supported ISjf tl 
weatem pier. The first gallery conunBnda a view of objects at n 
altitude of 42°; it consists of & atrong, light, prismatic Iraniinj 
sliding between two ladders attached to the southern ends of tl 
picra. It ia counterpoised, and can be raised to on; require 
position bj a windlass. This gallery appears on the ground ■ 
^fig. Z47., between the two ladders, and tbe windlass bj whidi il 
is elevated is shown in _;%■. 246, Three other galleries are pa 
Tided at the summit of the western pier, whicb conuDand t 
heavens to 5° below tbe pole ; each of these are supported by ti ^^ 
beams, which ran between grooved wheels, and are drawn forwarS 
bj an elegant piece of mechanism. These galleries hold t 
persona. 

" I have enjoyed," says Sir David Brewster, " the gi'cat privilege 
of seeing this noble instrument, one of the most wonderfid comlH' 
nations of art and science that the world has yet seen. I itM 
iu the moruing walked again and again, and ever with n 
along its mystic tube, and in the evening, with its dis 
inventor, pondered over the marvellous sights which it discloaetl 
the aatelliles, and belts, and rings of Saturn, — the old and n 
ring, whicb is advancing with its crest of waters to the bodja 
the planet, — lie rocks, and mountains, and valleys, and k 
volcanos of the moon, — the crescent of Venus, with its moantsinod 
outline, — the systems of double and triple stars, — the nebulse ai 
clusters of stars of every variety of ahape, and those spiral nebii " 
formations which baffle human comprebension, and constitute ti 
greatest achievement in modern discovery."* 

J08. Kaaaella' teleioope. — This ia a reSector, the speculum I 
whicb iiaa a dear diameter of two feel, with twenty feet foci 
length. The speculum metal is an alloy of copper and tin, with I 
small proportion of white arsenic. Mr. LaseelU uses sometimea I 
small two-inch speculum, and sometimes a prism, to deflect tl 
image towards the eye glass. The deposition of dew upon t 
prism is prevented by attaching to it a case containing a emi 
piece of heated lead. The telescope ia erected under a revoMq 
cupola of thirty feet in diameter, which carriea a stage (or tl 
observer. With this instrument, which ia the work of Mr. LobkA 
himself, he has discovered four members of tbe solar system; t 
satellites of Uranus, one of Saturn, and one of Neptune. 

The instrument was orieinally erected at Mr. Lassells' re_ 
denee near X>ivcrpooI. In the latter part of 1852 he remorcd 1 
to Malta, to obtain the advantages uf a finer climate and a Imre 
latitude. 

• BraWBtor's" Optics," p.499. 
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J09. IfaMUTtb'a MIeaoope. — Thia instrument, invented bj 
Mr. Jsmcs Nasmyth, is a combination of the reflecting telescopes 
of CaasegraJn and Newton. The rajs reflected from the great 
speculum are received either upon a small epeculum or prism 
placed in the axis of the tube, between the focus and the great 
ipeculum. Bj this thej are reflected at right angles, and the 
image is formed in a tube inserted in one of the trunnions upon 
which the instrument turns. The imago is then viewed in the 
OBUsI way bj an eye piece. The advantage of this arrangement 
is, that while the great tube is moved in altitude, the lateral tube 
he trunnion is fixed. The observer can, therefore, survey tiie 
whole meridian, or an; other vertical circle, without changing his 

The instrument is moved in azimuth by means of a tum-table, 
like those used on railways for turning locomotive engines. The 
frame supporting the instrument, and the seat of the observer, are 
established upon a circular platform, which forms the upper sur- 
~ a of thia turn-table, and by a simple and easy operation any 
desired azimuth can be given to it. 

Every requisite motion, both in. altitude and azimuth, can be 
Imparted to the tube by the observer himself. 

The length of the tube is twenty-eight feet, and its diameter 
^M^'fonr inches. 

^^B@^. The OBlUean teleaeope. — Opeim glaoa. — This tele- 
^^^HfijWhich takes its name from Galileo, by whom it was first 
^^KKm^ ^ refracting telescope, the principle of which is repre- 
^^^^M in J^. Z4S. A B is the abject glass, in the principal focua 



which, E, an inverted object of the image would be formed ; 
bat before the pencils arrive at this point, they are received by a 
divergent lens c d, which, destroying their convergence, causes 
diem to enter the eye parallel, as they would if they proceeded 
&om an object at a considerable diatauce. 
The general direction of the axes of the pencils, however, is not 
, ehftnged, and the eye coasequenlly receives them as if they had 
proceeded from an object at the same distance from the eye as the 
image m n is from the eye glass c d. The ap|«rent magnitude, 
therefore, of the object as seen with the eye glasa cd, is measured 
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by die angle which the imnge mn subtenda at tho centre of 
lens c D J and the apparent ma-gnitude of the object is equal »- 
the angle which the same imag'e subtenda at the centre of the 
object glass A n. 

If, therefore, we divide the focal length of the object glass by 
the distance of the eje glasa from the image, we shall then obtain 
the magnifjing power. 

Let us suppose, for example, tbat tbe focal length of the object 
glass is fiftj inches, that the focal length of the eje gloss is one 
inch, and that the eye of the observer is adapted to the reception. 
of parallel rays. In this case, the focal length of tbe object glass 
will be fifty times the distance of tbe eye glass from the image, 
and the telescope will magnify accordingly fiflj times. But if the 
eye of the observer be adapted to tbe reception of diverging rays, 
then the eye glaaa cd must be removed further from the image 
tlian its focal length, and, consequently, the magnifying powei 
will be lees than it would be for an eye adapted to psralle! rayi 
and if, on the contrary, tbe eye of the obsei^er be adapted to 
converging rays, the eye glass must be moved near to the iouj 
and the magnifying power will be greater. 

In all coses, the distance of the eye glass from the object gll 
is equal to the difference between their focal lengths, for eyea 
adapted to parallel rays. It ia a little less for Bhort-aigbted, and 
a little more for long-sighlcd eyes. 

This form of telescope has long been disused for all purpose*' 
where very distant objects are observed. It is, however, still con- 
tinued with great convenience whet's the objects of observation 
are nearer, as in the case of opera glasses, which ore nothing a: 
than Galilean telescopes. 

These iostruments have lately been mounted in pairs, so a 
enable the spectator to use both his eyes, as with spectacles. 

511. Tbe utronomloal teLeaoope. — This is the name gi 
to a refracting telescope, consisting of two convergent leuKt, 
used as an object lens, to form an image of the object to be oh-, 
served, and the other as a simple miuroscope, to examine 
image. The principle of this instrument has been already 
ciently explained in tbe case of tbe compound microscope, fronr 
which it differs in nothing but in the proportion of its parts. 
^- 2491, is tbe object glass ; an inverted image m n of the objeof- 
M N is formed at its focus. 

This image is viewed by tbe eye piece c d, which for eyei 
adapted to parallel rays is placed at a distance from ma equal W 
its focal length. The im^e mn is seen under an angle equal 
that which it subtends at the centre of the eye glass c n, and i 
apparent magnitude being equal to the angle which it subtends 
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tie centre of the object glass a b, it follows that the magnifying 
power of the instrument is found, by dividing the focal length of 
the obje<^t gliiss by the focal length of the eye glass. The image, 



Fig. 149. 

as seen in this ioatrumenl, is alwuja inverted with respect to the 
object; but as it is used for astranoniicitl purposes, this is uuini' 
portant. 

jlz. Terrestrial telemoope. — When the telescope described 
ftbove is applied to terrestrial objects, it exhibits them inverted. 
This is corrected by interposing between the eye and the image 
other lenses, by which a second image is formed, inverted with 
respect to the first, and therefore erect with respect to tbe object. 
Ttua arrangement is represented mjig. z;o., where a.b is the object 




and m n the first image which is inverted. A convergent lens cs is 
placed before this image, at a distance equal to its focal length ; 
consequently, the pencils proceeding from m n, after paaaing 
through C]>, will emerge with their rays parallel. These pencils 
tin recdved by another converging lens of equal focal length m r, 
ytf which they are again rendered convergent, and are made to 
ibnn the image m' n', which is inverted with respect to tn n, and 
erect with respect to the object. This ira^e m' n' is viewed by 
the eye glass g h iu the uhubI manner. 

513. Br* pleoosa — In the preceding exposition of the prin- 
dple of tbe telescope it has been assumed, provisionally, that the 
optical image of the object produced, in the case of refieclors hy 
the speculum, and in tbe case of refractors by the object glasa, is 
examined by means of a single converging lens. Such ■ method 
la always practicable, but much greater distinctness of definition 
and freedom from aberration is produced, by using eye pieces com- 
HO plano-convex lenses. 




r 
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Such eye pieces are of two kinds. One in which the image i» 1 
plBXjed beyond the two lenaea, and their effect is therefore, bj I 
their combined action upon the pencils, to render thoin parallel: 
these are called poiitine eye pieces, and having been adopted by I 
the celebrated Ramsden in the teleacopes conatruoted by him, ai 
sometimes designated by hia name. 

In the other class of eye pieces the lens which is more distaot-f 
from the eye receives the raya convergino; from the object g; 
before they form an im^e, and, by increasing their convergei 
the image ii formed between the two lenses of the eye pieooi tt 
is viewed through the lens next tie eye aa a simple coaverg 
lens. This form ia called the negaiine eye piece, and having D 
first adopted by Huyghens in hia telescopes, is somelim* 
nated by his name. 

514. Vosltlvs eye piece. — A positive eye piece, drawn it 
a full scale, is shown in fig. 351., where 1. 1. und l' l' are 



plano-convex lenses ; the plane aide of the latter being tl 
towards the eye, and that of the former towards the object 
Their convexities are consequently turneil towards each 
Let oaA be the axis of the telescope, and let ii be the ti 
produced by the object glaas at a distance from it equal I 
focal length. The pencils of rays which diverge from ii 
after passing through the lens 1,1^ be rendered less diverger 
that an imaginary image 1 1 will be produced at a greater di 
from L L than i i, and this image will be viewed by the eye 
l.'l/. One effect of the lens l l will bo to bring raya upon 
which would otherwise pass beyond its edgea, by which met 
enables the obaerver to comprehend within his view n greatl 
extent of the object. It ia in this sense that the lens 



t the field of v 



, sjid is therefore called the jfr6j 
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; the Urns if i! being called the eye glass., and tlieir combi- 
a the eyepiece. 

It ia evident from what has been stated that the distance of the 
field glass from the object glass in such an eye piece is greater 
than the focnl length of the tatter. 

515. WeKBttTB «ye pleoe. — A flection of a negatire eye piece 
drawn on a full stale ia represent eil in Jig. 152, 




i 



In this cime the plane sides of Jjoth lenses arc presented to the 
flje. The field glass l l, placed at a distance from the object 
g^tBs less than the focal length of the latter, receives the pencils of 
Wiya o' o' before thej form an image. Let 1 1 be the image which 
the object would have produced, if the raja had not been inter- 
cepted by i.i_ Thia image will now be brought back and formed at 
11 nearer t» Lt., and will have somewhat less dimenatons. From 
this change of position and magnitude a greater number of pencils 
proceeding from it will pass through the eye glass l'l'; and the 
lens Lt., having thus as before .the effect uf enlarging the field of 
view, is still called the field glass. 

Negative eye pieces have been generally adopted by preference 
by the most eminent concineutal opticians, and are constructed in 
general in the manner shown in tLe figure. A diaphragm, dd, is 
interposed between the lenses at the point where the image formed 
by the field lens Is produced, and luioiher diaphragm, b i, is placed 
in front of the eye glaaa. 

516. Vower of eye ple««a. — By means of the formula which 
have been already explained for the determioation of the foci of 
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lenses, it will be easy to determine all the circumstances attending 
the application of eye pieces, whether positive or negative, when 
the curvatures of the lenses, their apertures, and the focal length 
of the object glass are severally given. It will, however, be more 
satisfactory here to give the practical rules which have been 
adopted by the most eminent makers, founded partly on theory 
and partly on practice, for determining the relations between the 
focal lengths of the several lenses and their relative distances, cor- 
responding to any proposed magnifying power. We shall accord- 
ingly give these rules as applied to negative eye pieces. 
Let m = the magnifying power, 

o = the focal length of the object glass, 

F = the focal length of the field glass, 

B = the focal length of the eye glass. 

The following rules are those adopted : 

iiiXr = 2Xo; 

that is, the magnifying power multiplied by the focal length of the 
field glass will be equd to twice the focal length of the object 
glass. 

If, therefore, it be required, with a given object glass, to find the 
focal length of the field glass necessary to produce a given mag- 
nifying power, it is only necessary to divide twice the focal length 
of the object glass by the magnifying power. 

If, on the other hand, it be required to find the magnifying 
power corresponding to a given field glass, it is only necessary to 
divide twice the focal length of the object glass, by the focal length 
of the field glass. 

In all cases the focal length of the eye glass is one third of that 
of the field glass ; that is, 

E = i r. 

The distance between the field glass and the eye glass b two 
thirds of r. 

The aperture of the field glass = ^ r. 

The aperture of the eye glass = J- r. 

D D = ^ r. 

E E = ^ r. 

The distance of e e from i/ 1/ is = -^^ r, and 

The distance of the eye from if l' is = ^ r. 

In the following table, the magnifying powers produced by four 
classes of eye pieces, in general use in the telescopes constructed 
by Frauenhofer and Cauchoix, are given, which correspond to the 
several focal lengths of the. object glasses given in the first column. 
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»i of these four eye pieces ft' 
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These rules huve heen adopted in the construction of the great 
telescopes erected by frauenhofer at Munieh, Dorpat, PiJkowa, 
in the Unitsd States, and elsewhere, and by Cauchoix in various 
plices ; the principal being the great teleseope of Sir James South, 
having I Ij inches aperture and i S faet focal length, and tliat of 
Mr. Cooper, of Sliga, having I z} inches aperture and 24 feet focal 

The latter instrument is the largest refractor hitherto coD' 
rtmcted. bearing a magnifying power of looo. The Dorpat tele- 
scope by Frimenhofer has 14. Icet focal length and 9 incliea 
aperture. 

517. PoniUet'v metbod of detenniiiiiig: t&e magmKyiiiK 
power or teleieopes. — This 
method, which is independent of 
nny calculation founded upon 
the focal lengUi of the leases, 
consists in placing a white rule 
ivilh black divisions at Jo or 
60 ards li tance from the in- 
un In front of the eye 

f> a a e plane metallic re- 
*> (jfe'-^SS') ■* placed, 

f J w U a bole about the 
ah f an nch in diameter to 
en he ye to lw)k through 

the eye glass. Near this is placed 
another plan e red ector o', pariJlel 
to the first. When the instru- 
ment is directed to tlie rule, ihe 
observer sees its image magnifii'd 
by the telescope through the bole 
in Of and at the same tiuie aeet 
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the rule itself in its natural magnitude by double reflection from 
the two reflectors ; the rays received upon o' being reflected to 0, 
and thence to the eye. The two images of the rule, the one 
magnified and the other not, are thus seen superposed, and the 
observer can easily ascertain the relative proportion of their divi- 
sions. Thus, for example, if 20 divisions of the rule, as reflected 
by o, be equal to one division of the rule as seen through the 
telescope, the magnifying power is 20. 

518. BKonntiiiff of reftaotors. — The apparatus by which these 
large instnmients are directed to any required points of the firma- 
ment, are very various, according to their magnitude and the 
circumstances under which they are applied. As an example, we 
have given in Jig. 254. a representation of the mounting adopted 
by Cauchoix for his largest class of instruments. 

The instrument is placed in an angular bed u tt, supported upon 
a fi'aming, c, of adequate strength. It is moved through a certain 
angle laterally by a pinion v, which works in a curved rack m m. 
When a greater lateral change of direction is required than can be 
obtained by this rack m m, the object is accomplished by shifting 
the position of the entire stand by means of the castors b b b. 

The instrument is moved vertically by means of a pair of 
winches s «, attached to the ends of an axle r, on which a pinion is 
fixed which works in a wheel fixed on the axle t, upon the ends of 
which are two pinions, in which two endless chains, q q^ work ; 
these endless chains pass over rollers at the top and bottom of the 
frame, and being attached to a sliding piece o o, raise it and lower 
it. This sliding piece o o is jointed to a frame d d, which is hinged 
upon the frame c, the latter being itself hinged upon the top of 
the stand at v. When the frame d is raised or lowered, the frame 
c is also necessarily raised or lowered. The object glass is inserted 
in the upper end of the great tube e, and the eye piece in the lower 
end of the small tube m. Beside the great telescope is a small 
telescope z, called a finder, the use of which is to enable the ob- 
server with greater facility to direct the great telescope to any 
desired object. Owing to its small field of view, this process would 
be attended with some difficulty and delay if no such aid were 
supplied ; but the small telescope z can be at once directed to an 
object, and since its axis is parallel to that of the great telescope, 
the axes of both instruments will always be directed to the same 
point ; so that when an object is brought into the centre of the 
field of the finder, it will sdso be in the centre of the field of the 
great telescope. 
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;i9. The magic lantern is an optical instninient adapted for 
exhibiting pictures, painlett on glass in traoBparent colours, on u 
lai^ sl^ale b^ roeane of uwgnifj'ing lenaea. 
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It Iiai been shoira (i 56., et teq.y that when a picture, or othet 
object, is placed in front of a convex lens, at a dietaace from it 
MMUCwhat greater tlian its focal length, such picture or object wili 
be reproduced upon a screen, placed at a certdn distance behind 
the lens, that distance being greater, the nearer the picture in froDt 
of the leD9 is to its principal focus. This is the prindple npon 
which the magic lantern is constructed. 

52a. ComnoD form. — It varies in form and arratigement, 
according to its price and the circumstances under which it ii 
used, but in general consbts of a da^ lantern,^. 255.1 within 




which a strong lamp 1. is placed, having a bent chimney at the top, 
to allow the smoke and heated air to escape, while the light u 

intercepted. 

Id front of the lamp, and on a level with its flame, a tube ii inserted, in 
which a large convex lens A is fixed, by means of which the light of the 
lamp is condensed upon the picture placed opposite the lens a, hy aliding it 
through a groove, ca. From this mode of lixing the picture, the Ullcr has 
generally been called a "slider." In the tube thus projecting from the 
lantern, anolber tube is fitted sliding in it, as one tube of an opera glass 
slides in the other. At the end of this second tube a convex lens B b set, 
and Ihe tube ia so adjusted that the distance of b (him the pictore shall be a 
little greater Ihan the focil length of the lens b. A large screen r, made 
of white cauTHB, which maj' be mnch improved b; covering it nich paper, is 
then plnced at a distance from B, and at right angle to the axia of the lens. 
By properly adjusting the lube B, and the distance of the screen r, the pic- 
ture upon the slider in C D will be reproduced at E upon the screen, on 10 
enlarged scale. 

It must be observed, however, (hat as the picture will be inverted, with 
relation to Ihe object, it will be necessary to tnm the slider in en upside 
down, in order to have Ihe picture on the screen in its proper podtion. 

To increase the illumination of the slider, a concave reflector u H is 
usually placed behind (he lamp, by which the light projected upon the lens 
A Is increased. A better efiiict, however, may b« produced by simply 
bending a ^eet of white paper or pastaboard round ths inside aoifiua of 
the lantern. 
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power. — With the same lunWrn, and the 
ime Blider, it picture of any dpsired magDitude can be produced. 

iring It dotar to tlie slider, and to remove the screen f to a greater distance. 
lot it must be icmembered that every attempt Co enlarge the pictiire will 
only be allamieil with greater indistmctness, owing to apherioai aljerra- 
I, and more appearance of colours at tbe edges of the figures, owing to 
■hromatic tbenBIion, but al9D the brigblnoas of tbe picture -will be greatly 
ninuhed, since it ia evideut that tbe greater the surface over wliieb the 
;bt by which the slider is illuminated id diffused, the more faint, in tbe 
rne pn^rtion, will the picture on snob surface be: and, sinca the roagni- 
je of Bucb surface increases in the aame proportion as the square of its linear 
"len tiie picture has double tlie height or width, 
dll be fonr times lesa bright. 

The bodj of the ktiCcrn should be htrge, so that it, maj not 
inconveniently heated. The best oil ehould be burnt in 
le lamp, bo as t^ diminish the smoke and disagreeable odour. 
he glass chiinnej of the lamp should be maile as high as possible, 
id the trick should be of large calibre. 

521. The pictures on the sliders should be as large as possible, 

. order ta etisure sufficient illumination on the screen. With a 

Ten magnitude of picture on the screen, and a given force of 

Binp, the illumination will be proportional tu the magnitude of 

Hie slider. If a small slider be used to pniduce a picture on the 

■creen of a given magnitude, the confusion arising from both 

dnds of aberration will be greater than if a larger one were 

ed. 

513. There are two wajB of exhibiting the pictures on a screen: 
Jn one, the lantern is placed in front of the screen, with the 
Spectators; in that case tbe picture is seen by the light reflected 
after having been projected upon it by the 

Care should, therefore, be taken that no light shall penetrate 
through the screen, since all such light would be lost, and the 
pcture on tbe screen would be proportioually more faint. A 
iposed of muslin, or any other textile fabric, would in 
case be defective, inasmuch as more or leas of the light would 
The best sort of screen is one made of strong white 
^»er. pasted on canvas, and stretched on a frame, as canvas is for 

When the magic Untern is used for purposes of amusement, 
idler than those of instruction, it ie generally found desirable to 
se a semi-transparent screen, the lantern being mounted on one 
ide of the screen, and the spectators placed on the other, as shown 
1 J^. 2^6. In this case, the screen should be made of white 

K' fine calico, streUdied upon a frame, i 
CG 



being increHsed by wetting it well with water. In ; 
sUd is prepnrecl with wax or ail, which maj be 




save the trouble of wetting it, but which in other respects dne* 
not answer the purpose better. 

524. PbajataunoEorlK. — When the pictures are 'produced | 
through a, transpareDt screen, the exhibitor, being concetiled t 
the 9peetittors,mn7 make them c«rf in Dijignituiie; Grsc grsdnall^ i 
increasing, and then graduslly diminishing. This ts accoiopiuliad J 
bj moving the lantern gradaally and alternately from luid 10- f 
wards the screen, var^/inji the focus during the motion, 1 
render the picture upon the Bcreen always distinct. 

tet na BuppoBe, fcirexampk, that lIieiiDtzIeiirthe lantern »fir«t pIperih^M 
nctuil cdnuct with the Kreen. The pietnre on the acreen will th«n b*« 
Medingly small, and Iho spootulorB, to whom the at 
imagiue Ihe abject to be at a great sllstsnce. I.e[ thi 
back llio lantern slowly from the screen, keeping the 
jnated. the picture on the screen will 
impreaaioD prodoead on IhespecUcora 1 
produced by the gniduBl approscb of t 
ptete Is Ihia delusion, that the rapid 
Bcluallj- startles even petaoni who iro 
which proiloce the effect. It sometini 
proach. so aa to mmi In acluol K 



InriaiM^-l^ 
ilnr IbflD BOTt^ 
ranstint); ad- 
Ihen Iw gradually enlarged, and th« 
rill be, that its incresMd ma^ioide b 
he object towards themi aodsoMni- 
inFreaee of magnituile of the pictani 
most familiar with the optical cauui 
;s appears aa if the object would ap- 
with the spectator. 



u thua tQ b« bcODght near Ihe spectator, it is 



i 
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retin gndnally by moving the lantern towards tbe screen, the efTecC l>dng 
produced by the gradual diniiiucion of the image upon tlie screen, and thii 
" ' '' lantern, coming sgitin in contic) with ibe 

1 lost In the di^iuince, its magnitude being 
change tho 



diaplac: 



b, when adroitly perTDrmed, will u 



<v the lalrodocUon of Hnothir. 



;e of the spectators. Ilie 



Effects of this kind have been dcDomiDale<) " phantasmagoria," 
,ftoni the Greek wurds ipafTaana (pliaiitusina), a spectre, and 070- 
u (agaraumai), / meet. 
i^J. DIssoItIdk wlewSi — Interesting and amusing elfecta arc 
iprodiiced by placing two lanterns of equal power, so as to thnm 
^Mures of precisely ec[ual magnitude on the same part ot'llie aame 
A sliding caver is placed in front of the nozzle of each of 
terns, and lhe$e are moved sitnulCaneoualy in such a man- 
^ Iliat when the nozzle of one lantern is completely opened, 
_ It of the other is completely closed, so that, according as the 
bnur ii gradually cloaed,-the latter h gradually upeiied. 
'' AfllnitTSte this class at' eSecta, which, always crcsle an agreeable surptisc, 
^^Tl as suppose Ibal two sUdera are pla«Mi in the lantermt, one rtpnswnting 1 
Mbcape by day, and tlie other representing precisely the same laudscape 
Yfvight, and let the nozile of that which cvntaim the day landsope be 
ipURl, the other being closed : the picture on the screen will then represent 
lu day lindscaiie. If the covers of thenoizies be now slowly moved, 10 that 
that oT the lantern which shows the day [andjcape shall be gradually cloHad, 
■Dd that of the other shall be gradually opened, the elTect on the screen will 
be that tbe daylight will gradually decline, tbe view assnuilng, by slow d«- 
the appearance of appruschiug nigbt. This gradual change will go on, 
be nonle of the lantern containing the day picture has been eomplctely 
, and that containing the night picture completely opened, when the 
e nrom day to night will be accumpjished, the picture un the screrO 
then a night laudacape. 

The optical effect produced by two lanterna working together, 
called dikmhing views, with which the public has been rendensi 
fiunQiar at several of the public institutions in London, depends 
OB the alternate opening and clns-ing of the nozzles of two Ian- 
tecDS, in the manner here described. The mistiness and confusion 
iriiich is exhibited in the gradual disappearance ut the one view, 
and the gradual appearance of the other, arises from the circum- 
' ataiiM of the noxxles of both lanterns being partially open at the 
laame moment, so that both views, faintly iUuminated, are pro- 
ieet«d upon the screen at the same time. The mixture of their 
outline and colours produces the mistiness and confusion, with 
«biah all speecntors of such exhibitions are familiar, Accorilitig 
•• tbe nojule of tbe lantern, which cuntaiiu the disappearing view. 
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is more and more closed, and that which contajoa the qvpea 
view more and more open, the latter becomes more and more 
tinct, and becomes perfectly so, when the one lantern is complel«lt 
closed, and the other is completelj opened. 

526. ninmlnatloa af pictorea by gaa tuid eleotrlo Ucbt.- 
For family und Bthool purposes, u good lump is the moat coDTl 
nienC means of illuminating the gliders j but where exhibitions u 
produced before larger and adult audiences, otter and more efleo- 
tual means of illumination are resorted to. For several jear^ 
the lanterns by which dissolving views, and other effects, hava 
been produced in tbe public exhibitions in London, bave bee) 
illuminated by tbe osj-hjdro|;en light. This light proceeds fnffl 
a ball or cylinder of lime, rendered incandescent, or white hot, b 
the flame of a blow pipe, from which a mixture of oxygen on 
hydrogen gases, in the proportion in which these goBBB prodtia 

It might be imagined that the light produced by ft piece cd 
solid matter like lime, however iateoEely heated, could never ha 
brilliant enough to produce a. strong illumination; nevertheleM, 
the light radiated from the lime in tbia case, was the most intenJQ 
artificial light which had ever been produced, until the invention 
of anotber, which we shall presently notice. 

In the oxy-hydrogen lanterns, the cylinder of lime ts mounted 
so as to occupy the place of the fiame of tbe lamp in. the axis at 
the lenses, The flame of the blow pipe ia projected upon that 
side of it which is presented towai'ds the lenses, and since tl 
lime, though it does not undergo combustion, is gradually w 
by the action of the flame, it is kept in slow revolution by clookr 
work, connected with the axis upon which it is supported, so M 
to present to the flame successively different parts of its surfaoe. 

This method of illuminatioa, though still continued, is gresdf 
surpassed in splendour by that of the electric light, which IiM 
recently been applied to the magic lantern by M. DuboMt, di 
successor of M. Soleil, the celebrated Paris optician. 

The electric light is produced by bringing two pieces ol 
previously put in connection with the poles of a voltaic battel^ 
nearly into contact ; the volta current will then pass from o — ** 

tbe other, the ends of the chnrcoal thus nearly in contact bi 

ing incandescent, and emitting the most brilliant artificial light I 
which has evet yet been produced. 

The method of mounting thii illuminating apparatus in the lanteni fl 
showa in Jig. 257. 

TbB wires h k, bdng connadBd with the poles of the bBttary, are bI 
to two piece) of metal, the negilivs wim H t'omniunicatiDg with th* DppCtfl 
peadl of charcoal, c, and the poaicivB wire k with the luwer chMciwl jh 
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Although ths chaiToul Aatt not, pro}>erly spcahinpE. 
il ii gradnsllj- wasted, aud when the pultiti would 
latsd, the corrmt would be luapendeil, and, thfrcTu 



I tight wtmld 
! iiiuniinauon.an apiHtatuccon- 
hy which the chirfool pencil, h. 
The clocbwurk it m conatnictiid 



rilting oT clockwork i* provided h 
il kept nearly in contact with tlii 
tbatiU niotioa is governed by the current. 

M. Dubmc has contrived means, by which a single electrio light 
will ierve t« illumiDite at the saute time two laot^ms, placed aide 
hy aide for exhibition. This is accomplished by placing the light 
|>etween two relieclora. so inclined that eauh reftecta it in the 
direction of the aii* of one of the lanterns. 




As an inatruinent for popular and general mstructioQ, the MlUr 
microscope holda a high place. UnlJl recently, ita 
I'estricted in these climates, by the ciroumstance of bright (! 
shine, and a room having a suitable aspect, beiug condilionB i^f 
pensable for ij^s performance. But bj the substitncion uf tbeo 
bjdrogen fight, and, more recently still, of the electric tigt(,B^^ 
ntility and pleasure, derivable from this instrunient of pemlli 
illugtmtion, have been immenael; extended. 

$27. The principle of the soUr microscope is the s 
of the magic lantern elrea^ly explained. 

The iBBtrumenteonalata of two parts, eesentiallr distinct OQB from onotheri 
Cho first, the illaminntiug; and the arjeond. the magnifying pare Kiuieit 
is desired to exhiint a very enhirged optical image of a verv miimle otueel,. 
and dnce the light which ie ^reed over the image can Diily be that whidi 
falla on the object, it is evident [hat the brightness of the Image nEllbe nrara 
faint than that of the objei^l, in the exact proponion in which the surfkcc tf 
the former is greater than that of the latter. To illustrate this, let na auppoia 
that the object exbibited is an insect, a quarter of an incb in length, •n4 
that It is magnitied 40 times in its linear dimendons, the length of lb* 
optical image vrill then be lo inches, and its enriate will be i6ao timti 
greater than that of the object Tlia light, tberefore, -which illaminate* tha 
object, SDpposing the whole of it to be transmitted to the optical ii 
being diffused aver u surface 1600 times greater, will be iGoo times 
lainL But, in titt, the whole of the light never is tisiismitteil, a con 
able part of it being lost in various ways in passing from the object to tb 
screen. The necessity, therefore,fDr very Intense illamiaalion inthisinab' 

If these conditions were not borne in mind, it might appear til 
a magic lantern might be converted into such it microscope, hj 
merely increasing the mBgnifyLng power of the lenses ; but IIm 
light of the lamp, which ia sufficient to illuminate a picture mtg-- 
nified 10 or II times in its linear, and, therefore, from loo tft 
144 times in its BuperliciBl dimensionii, would be utterij ii 
fiuient, if it were rendered 160a times more feeble. 

52S. ZUnmlnBtlnr Bpp>r»tn>. — The illuminating appar4tiu 
of the solar microscope consists of a large convex lens, uponwhichi 
a cylindrical sunbeam of ecjual diameter is prnjecteil. This li 
causes the rays of such a sunbeam to converge to a point, utd! 
Ihey are received upon the object to be exhibited before tbvt 
convergence l« a focus, and at such n distance from the fbonMi, 
that the entire object shall be illuminated by them. In tkct, ll 
rays may be considered as tbrming a cone which ia cut at ri^ 
angles to its axis by the slider upon which the object is fixed. 

Let c c fig. 158., be the condensing lens ; let r be the fucus to which t 
m,''s would be made to converge, bat bang inteicaiitBd b/tlu iI 
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•re collected upon the small circolar opening 00m tbe alider, and in this 




It (hat llie inlenaity of thu light bhos projected upon Ibe 
otgect. will be greater than tliBt with which It would he illuminated witboat 
Ilu interpaalliDii of tlie Uns cr, in the exact propordoti or the surface of the 
irface of the circular opaning o a. Thui, fur e^iample, if the 
lens cc be 5 inrhn, and (he diameter of the openine 00 
liatr an Incb, the diamel«r of (he ]en> will be 10 timea, and, therefore, ita sur~ 
bee loo tiraeB KiHUr than that of ihe opening 00. In Ibat case the object 
vvuld be Illuminated with a light ju&I too times more briltianl than if the 
IOd'i light fell directly upon it, without ptuiing throagb the lens ca 

II la found convenient in eume casea la condente tbe light by means of two 
leitMB. The cone of rays proceeding Tronic c might be received upon onulher 
eomUnsing tens, by which its conver^nte might be Increajpd. The adian- 
hig arrangement is that the distance of the object from cc, and 
tbcrefbre th« length of the niicroKape, is rendered leu than it otherwise 
would be 

There ia, bowever, one practical inconTenience to be guarded 
-t^timrt in this arrangement. Tlie letis c, whieh coodensea the 
tun'a light upon the object, alao condenses its heat, and if the 
tame object be exposed in the InBtrument for anj considerable 
time, it would thus be injured or deslrojed. This inconTenience 
may be obviated by the interposition of i^ertain tnedia, which, while 
tbej are pervious to the sun's light, are impervious to its heat ; 
.tdch media are sajd to be a^ermanoua.* 

By t^e interpositioD of such a medium, tbe object may he pr^- 
vonted from receiving any increased temperature wliatever. 

It happens that water, which is the most convenient medium 
■fijr this purpose, is very imperfectly pervious to heat, and is ren- 
dered almost completely athennanous by dissolving in it as much 
ttum a* it i« capable of holding In solution. The object, there- 
fore, is perfectly protected from ihe effects of heat, by placing 

■ Fnm (lie Greek negaUve ■ (a), and Umii (Ihernit} Amt 
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between the slider and the condensing lens a cell, Consisting of 
two parallel plates of glass, fixed at about an inch asunder, and 
filled with such a saturated solution of alum. The light inter- 
cepted bj this is altogether inconsiderable, while the whole of the 
heat is stopped by it. 

529. SCflMrniQriiiff apparatus. — The magnifying part of the 
solar microscope consists of an achromatic lens, or combination of 
lenses, of very short focal length ; this being brought before the 
object, at a distance from it a little greater than its focal length, 
will produce a highly magnified optical image of the object, upon 
a screen placed at a proper distance before it. 

In the case of the magic lantern, it is not indispensable to incur 
the expense of achromatic lenses, and even the expedients to 
correct the spherical aberration are but little attended to. The 
magnifying powers used in that instrument not being great, and 
the object exhibited not requiring extreme accuracy of delinea- 
tion, the expense which would be incurred in producing large 
lenses free fn)m the aberrations is not necessary. But in the 
case of microscopic objects, where great . magnifying powers 
are applied, lenses in which the aberrations are not corrected 
would produce images so confused and indistinct as to be alto- 
gether useless. Achromatic combinations, therefore, in which the 
spherical aberrations are also corrected, are in this case indis- 
pensable. 

As in the magic lantern, the same lenses may be applied, so as 
to produce different magnifying effects. If the distance of the 
lenses from the object were so great as twice. their focal length, 
the image would be projected upon the screen at a distance in front 
of the lens also equal to twice its focal length, and would in that 
case be exactly equal to the object, and consequently there would 
be no amplification at all. As the lenses, however, are moved 
nearer to the object, the distance at which the image would be 
formed and its magnitude would be increased, and this increase 
would go on without practical limit, until the distance of the lens 
from the object would become equal to its focal length, in which 
case the image, having been enlarged beyond bounds, would alto- 
gether disappear. 

In practice, therefore, the focus of the lens is brought to such a 
distance from the object, that the image upon the screen shall have 
a magnitude sufficient for all the purposes of exhibition. It is not 
desirable, however, in any case, to push the amplifying power of 
the instrument too far, because the illumination of the image in 
that case becomes inconveniently faint ; and if there be any causes 
of aberration uncorrected in the lenses, whether spherical or chro- 
matic, their effects will be rendered more apparent. 
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- In the mounting of the instrament, pro- 
e neoeaaary for varying, within certain limita, the distance 
of the object, as well from the illuminating as from the amplifying 
lenses. If the object be very minute, it is necessary that it should 
be illuminated with proportionate intensity ,■ and, therefore, that It 
should be moved very near to the focua of the illuminating lens, 
If it be larger, this position would, however, be unsuitable, 
much aa the light would be collected upon a small part of it, to 
exclusion of the remainder. In that case, therefore, the object 
It be brought farther in advance of the focus, f, of the illumi- 
natllljg lens, so as to intersect the cone at a point of greater section, 
and thuB to receive a light which, though leas intense, will be 
difiiised over its entire surface. 

The amplification required wilt be greater in proportion as the 
object is smaller. For very minute objects, therefore, the ampli- 
fying lens must be brought nearer t« the object, and the screen 
t be removed farther from it, while for larger objects the 
tirangement would be the reverae- 

531. Boreen. — All that has been said on the subject of the 
icreen in the case of the magic lantern will be applicable to the 
■oUr microscope, except that, in tbis case, the method of showing 
tiie object through a transparent screen is objectionable, becauae of 
the light which is lost by it, and far other reasons; and, besides, it 
is useless, that method of exhibition being adapted only for phan- 
tunagoria, and other similar subjects of amusement. 

53Z. In what has been explained above, it has been assumed that 
t beam of solar light is thrown upon the condensing lens c c, in 
tie direction of its axia. Now it is evident that it could never 
happen that the natural direction of the sun's rays would coincide 
with that of the axis of the tube of the microscope ; for, that axis 
being neceasarily horizontal, or nearly so, the sun, ta throw its rays 
parallel to it, should be in the horizon. Some expedient, there- 
fore, is necessary, by which the direction of a sunbeam can be 
chinged at will, and thrown aionjc the axis of the tube. 

The obvbuH method of accomplishing this is by means of a plate 
of common looking-glass j suchapUte, being conveniently mounted 
D front of the condensing lens, may always have such a position 
given to it that it will reflect the sunbeam which will fall upon it 
In the direction of the axis of the lube. 

But since, by reason of its diurnal motion, the sun changes its 
position in the heavens front minute to minute, the position of the 
reflector, which at one lime would throw the light in the proper 
(Ureetion, would cease to do so after the lapse of a short interval. 
^ proper provision must be made, therefore, by which the jtoBilion 
of the reflector may be changed from lime to time with the motion 



imyi, conTerffing from cc, are reccivnl, and by whirfi, iviih iini-^-ri^ cnn- 
Tefgonpe, they are projected upon the opening o o in Ihe slider s a. in wliich 
tbeoljeetlsinonnted. 

Ths tabe in irhicli theellder SB Is inserted, and vhich carries tbe smaller 
coodsiuer, elHw within another tube, in the end of which (he greater con- 
dmaer CC i» set. By thi» arrangement, the section of the cone of light, 
wbii^fklla upon Ihe opening oo, may bevsried, according to Ihe magnilnde 
of Uic olqect. 

■ The amplifying lens, or lensflB. ll, are conTeniently inonnled in a Inba, 
irhlcb can he morcd within certain limila lo or from Ihe object, so as to ac- 
mmmiDdate the fbcus to the positloti of the Herein 1 1, upon which the inia^ 
ii projiKted. 

AAer these eiplanalions, tbe reader will have no dlfficnlty to compre- 
heddiug the inBlmment. ai shown In perspective in jlj. 159. 

A boardi a a b b, is pierced hy ■ ]ar|^ circular aperture, the dUmeler nf 
wMcliia a little creater than Ihat of the larger condenainfC lens; a square 
brail piale. ao Aft, to which the mioroecope is attached, is acrewed upon 
lUi bnard In such a position that the condensinir lens shall be conrenlric 
with the hole In it, and, conie.iuently, Ihat the axis of the Inslrumenl shall 
be at Tight angles to Ihe board. 

Tba plane mirror M. br which the light of the son is reflected along the 
axil of the inslmment, is monnled outside Iho board A A B B, moving on a 
binge, as already deseribert ; and ecrews are provided at ccy, by means ol 
wbkh ila inclination lo the axis of the microscope < 
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mennt, whatever 

b* the position of the snn in the heavens, such a posiUun can always lie 
given ts Ihe plane of the mirror, that the light may be nflected along the 
■xia of the micnwcopa. 

Tbe great condensing lent is set in fh« larger cod nfllie conical lube t, anil 
the leaser in the end of the cylindricnl lubeT": the letter Inbe being moved 
IvHUll tbe former by an adJuaUng loieie, which appean at iu aide. By the 
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Becond condensing lens, the light is collected upon the opening in the slide, 
which is held between two plates n, pressed together with spiral springs. 

The tube 1/ consists of two parts, one moving within the other, like those 
of the telescope. 

The amplifying lenses are mounted in a brass ring, k, carried by the upright 
piece, I, so that its optical axis shall coincide with that of the illuminating 
apparatus. This optical part can be moved to and from the object, by means 
of a rack and pinion, f, attached to the piece H, which slides in the box o. 

The structure and principle of the instrument being understood, it only 
remains to explain the method of using it. 

The room in which the operations are conducted should have sufficient 
depth to allow the space between the microscope and the screen, which is 
necessary for the formation of an image of the required magnitude, lliis 
space will vary with the magnifjring power required, but in general 10 or 12 
feet beyond the nozzle of the instrument is sufficient The room should be 
rendered as dark as possible, to give effect to the image, which, however well 
illuminated, is always incomparably less bright than would be objects re- 
ceiving the light of day. The window shutters should thereibre be carefiiUy 
closed, and all the interstices between them stopped. If the room be pro- 
vided with window curtains, they should be let down and carefully drawn. 
In a word, every means should be adopted to exclude all light, except that 
which may enter through the microscope. 

An opening being provided in a convenient position in one of the window 
shutters, corresponding in magnitude with the aperture in the board A A, B b, 
the latter is screwed upon the window shutter so that the two openings shAll 
coincide. The mirror m will then be outside the window shutter, while the 
instrument and its appendages will be inside. The window selected should, 
of course, be one having such an. exposure that the sun's rays can be re- 
flected bv the mirror in the direction of the axis of the tube. 

To adjust the instrument, remove the piece n, which supports the slider, 
so that the light may pass unobstructed to the amplifying lens. By varying 
the position of the reflector m, by means of the milled heads c <y, a position 
will be found in which a uniformly illuminated disc will appear on the screen ; 
this disc may be rendered more clear and distinct by adjusting the instrument 
by means of the rack and pinion attached to the tube. 

When these preliminarj' adjustments are made, the piece n is replaced, and 
an object inserted in it ; the instrument being then more exactly focussed, a 
distinct image of the object, upon a large scale, will be seen on the screen. 

The management of the instrument will vary with the nature of the object. 
If it be a very transparent one, a strong light thrown upon it would cause it 
almost to disappear. The light, therefore, in such case, must be so regulated 
as to produce the image in the most favourable manner, which may always 
easily be accomplished by moving the tube t' in and out of the tube t, until 
the desired result is obtained. 

When the experiments are continued for any considerable interval, it ¥rill 
be necessary, from time to time, to accommodate the reflector m to the shift- 
ing position of the sun, which may always be done by the milled heads c d. 
This adjustment, however, might be superseded by mounting the mirror m 
upon an apparatus called a Heliostat, the effect of which is, to make the 
mirror move with the sun, by means of clockwork. Such an apparatus, 
however, is expensive, and the adjustment above described is attended with 
no great inconvenience or difficulty. 



OPTICAL INSTRUMENTS. 



J34. A Urge proportion of the utility and pleasure derivable 
from the solar mieroacope is in these climates lost by the nncer- 
tdntj and infrequeccy of aunshiite. I'be invention of the oxy- 
liydrogen ligbt, already described (;z6.), has rendered this 
interesting inBlrument independent of the sun, Its application 
to the solar mieroacope is in all respects similar to its use in 
the magic lantern. It is placed at a certain point in the axis of 
a large converging lens, at a distance from the centre of the lena 
greater than its focal length ; the lena by this means renders the 
reys dive^^ing from liie litne convergent, and they are generally 
received as in the solar microscope upon a second converging lens 
of smaUer diameter, bj which they are collected upon the object 
to be illuminated. 

535, A mechanism of clockwork is usually provided to keep 
the pencil of lime in a state of slow revolution, so that it shall bit 
erenly worn over its entire surface. 

J36. Tba pIiot4>-«leotrlo nilairoioop«> — A great improve* 
ment, however, ha^ been more recently introduced by the subati- 
tution of the electric for oxy-hydrogen light. The application of 
this expedient to the magic lantern has been already exphuned, 
(526.), but in its application to the niicroHcopc, several pro- 
visions have been introduced to injure its uniformity and continu- 
ance, which merit notice. 

537. n> UHuDinatlnr appKratna. — The illuminating ap- 
paratus of the photo-electric microscope in its most improved fitrm 
is represented in Jig. 261., where i is a lai^e converging lens, 
which corresponds with the great illuuiinating lens c c, (j^. 260.), 
in the solar microscope. 

The pencils of charcoal a and b, which produce the light, ate BO iDDimted 
that the point of greatest nplendaur abul] be iccurBtely ia Ihu axi« of the 
lena i, and that tbeir extremities are kdpt conitanlly at that diatance from 
each other which pTodoces light of ibe grealest brilliancy. For this purpose 
proviiiona are made by which ihe pointi of these peucils. acconling us they 
are worn sway by the actioD of the voltaic current are moved tonaids 
each other, but at the lamo time are prevented from approaching each 
other L-toser than that Umit of lijatance, which gives Ihe light the grmteit 
splendour. 

ThepcndlaaapdbareSxBdinsockita e and d, nbich are nrgnl towards 
each other ly spiral springs in Iho same maDoer aa the candles in carriage 
lampi are puabed upwards. These tprings. hovevcr, are controlled and 
prcvealed from acting upon tbe pencils of ehaniuil, except when the 
light docllnoa in apleu.lour by iho distance betwwn Ihu charcoal points 
becoming tou great. Iliia ia iccompliBhed by the following ingenioiu 
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The SpiiDga ore contiollod b; ■ delint vbich ii pUded in connectiao witb 
, sufficiently powotful BlBcHu-magnel, Ihe wire coil 
of which is placctl in ihe circuit of electric current which pBBses lielween 
U» vlurcail poinlB. So long tta Ihia cumnt Sows with Buffideot iiitunsily, 
Uia light pmduced will hiire Ihe necca-iury splendour, and the electric mig- 
net will be rendered so powerfol that it will hold the contmct piece opon iu 
poles, and thu ple<:e, so long u it is thus lield, Hill lieep ths detent in such ■ 
he springs from aciing an the chercual pencili. Bat 
whon by resso.i of tha waste of the ihurcoBl hy the action of the current, 
ibe distance betueeu the points of the pnncils is unduly incressnl, the liuhi 
declines in ip:endDur, and the current passlni; with difficulty between the 
;roe of its iniensity. At tb* «*me lime the electro- 
nuigiiel loses in u proportiunate degree it« attruting fuice, and, letting gg 
the contact piece, allows the springs to act upon the pencils and move them 
towardaeach other. As they approach each otller the current is re-iwi, - 
bltahed. the splendour of Ihe light restored, and the electro-magnet receiving 
jti ittractive force draws to it Ihe contact piece, and stops the action of the 
spring npon ihe pencils. 

The oooducting wires iif the voltaic ba.ttery, which usually codmsU of from 
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charcoal pencils by the screws/and g, tbe poallire pole being a 
■Mclad with ji, and the niqjative with/. Froni ^ the current is carried by a 
conducting wire to Ihe coils of tbe electro- magnet c. aRer passing thruugb 
which it la conducted 10 the support c of the lower cliarcoal pencil 6. The cur- 
rent ftoin the negative wire ot/is carried through the tube A, insuUtad at in 
lowcrt put over pulleys to tbe socket d, and Ihence to the durcoal pencil a. 
U tbe two pencils a and b be sepurated from eath other by a corlain limit ul 
dialaoc*, tbit ennent will be wholly suspended. As tliey approach each other 
it-wKflew Hith an intensity increasing as the dieUmte between tbe fKAMs 
of the pancils ia diminished ; and, as before staled, the Bow of the corrent >a 
attended with a strung evolution at light, Ibe splendour of which attains a 
maiimum degree nben the peudls are placed at a certain distance asunder. 
A aula view of tbe mechanism by which the pencils an moved, ia given 
on a larger scute in Jig. ibz., whi^re a is tbe axis upon which are placed 
several wbeels, some of which are fixed 
so as to mOTEwith theaxisitnd theotbeni 
are merely held on il byfriclion. Tha 
barrel i, containing the mainapring. which 
is the moving power, is fixed upon the 

held upon it by friction only. Upon Ihe 
pnlle; e is rolled the chain, by which the 
lower peucil b (Jip. »6i.), la moveil, and 
upon the pulley disrolleil the chain which 
moves the pencil a. It wiU be easily per- 
>'eived, from j!j|. >6i., how tlwsa chains, 
slier having passed over the intermediate 
|lulle^ys, are connected, one with the pen- 
cil i, and Ihe other with the pencil a. 
When the mainspring in b (Jlg.iii.), 
has been liboatod by the electro magnet 
the pencils art moved towudieoch othec ; 
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bat BincG the; are not equally hditi away, tbey munt not be mored 
eath other through equal apacea, rince in that case the fociia of light woalt 
be rsDioved from lbs axLi of the illuminsCiiig lens i, (_fig. iti.\ The pro- 
vision by nhlch M. Uuboac haa coDtrlYed to regulate this motion of tM 
pencilB, IB 19 follows : — The wheel ij ha* a Tsriable diameter, 
two pUlea, one eairying six radii, jointed near the centre, i 
tiemitiea render the (arcumfereDce of the wheel greater or lea: 
the; are lEsa or mnre inclined. Tlie other plate luu aix oblique alil^ iq 

turding this latter ptate, the radii ore opened or closed, Nnd the cimunferenM: 
rendered greoter or leas. A watch apring fixed to one of these pins, 

groove of the pulley. The chain attached to the other extremity of tUi 
spring keepa it in its place. 

A provision is mode fay whicb the relative diitnieters of the 
shall be regulated, according to the relative rate of waate of th^ 
coal pencila. When the upper pencil wosles faster tbin the lov 
meter of the pulley upon which the chain which moves it is coiled, is rea- 
dered greater than that of the otherpulley, and when the lower penfui' 
faster, the contrary relation is established. When the pendls are brongkt 
la the proper dialance, the detent connected witlt the contact pieee of tht' 
electro-magnet stops the motion of the pulleys, and the aplendour of Iht 
light is maiulained steady and unifcjrm. 

53S. Experlmenta pBrfomied wltb It. — All the experimenli 
made with a, cuiumun solar microscope can be reproduced with ^lii. 
a[jpuratiis. If it be desired, far example, Co mnjce the well known 
experiments upon the decompoeition and reoompositioa of Ugh^ 
the usual apparatus of prisma and their accessories are presented, 
tu the pencit of lif;ht issuing froDi the lens 1 {^. z6i.}, and in Uke 




Fig.iBi. Vijr. 16*. 

all the phenomena of difiraction, inflectioo, snd poIariMtfl 
be experimentntly illustrated. 
Among the most curious experiments made with this appar 
ure Ihuse in which the magnified image of the electric light il 
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i> tbrown upon the screen. In this manner we arc enaLled nc- 
tuiilly to see the ponderable moletules of the charcoal, jiasaing 
between the points of the pencils, as showa in j^. 263 , and if we 
Uke for the positive pole a Btnall charcoul cup, in which are placed 
•ncGSsiivelj small pieces of the Hubstances upon which experi- 
ments are to he made, such as platinum, gold, silver, &e., they will 
be observed to be successively liquefied and vaporised, producing 
tiunes of various and beautiful colours. These several flames may 
be analysed in the usual way by prisms, and nothing can be more 
cnrioue and interesting than the difierence found to prevail between 
the physical character of their lights and those of the corre- 
sponding tints of sular light. 



53p. This is an instrument of extensive utility in the arts of 
deNgn; by it the process of drawing is reduced to that of mere 
tracing, and its use has of late been greatly extended by its appli- 
cation in the art of photography. 

We have already explained (i;6. el leq.) that if a convex lens, 
or sny equivalent optical combination, be presented to a distant 
object, such as a landscape, nn inverted image of that object, with 
its proper outline and colours, will be produced at the principal 
fbcus of the leas. Let us suppose, for example, that the window- 
shatters of a chamber being closed, so as to exclude the light, a 
hole be mode in them, in which a convex lens is inserted: let a 
screen made of white paper be then placed at a distance from the 
lens, equal to its focal length, and at right angles to its axis; a 
small picture wiU be seen upon the screen, representing the view 
facing the window to which the axis of the lens is directed ; this 
[HCture will be delineated in its proper colours, and all moving 
objects, such SB carriages or pedestrians, the smoke from the chim- 
neys, and the clouds upon the sky, will be seen moving upon it with 
their proper motions. The picture, however, will be inverted, both 
vertJcaJIy and laterally, the sky being below and the ground above ; 
trees and buildings will have their tops downwards ; vehicles will 
move with their wheels, and pedestrians with their feet, upwards ; 
objects on the right of the landscape will be on the left of the pic- 
ture, and nice veria ; and all motions will be reverseil in direction, 
objects moving to the left appearingto move to the right, and those 
which fall, appearing to rise. 

This remarkable optical phenomenon was discovered in about 
the middle of the sixteenth century, by Bapti^ta- Porta, a Nea- 
poUtan philosopher, and it was not long before it assumed a variety 
Two LMin words, tignlfjing " a darii chambur 
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of forms, more or less useful ; the name aimera obieura was given 
to it from the circumBtances explained above. 

540. HBauMla of moantlBs. — A great variety of forms have 
been given to this iustrumetit, varying according bi the circum- 
stsuces under which it is applied, one of die most simple of these 
is shown ID Jig. 165. 

The lens, l. is inserted in an opening in (he top of ■ rectsngnlar box, tlie 
lielght of which is nude to correspond nearly nich its focal lengtli, the bottam 
of the box IB placed st a convenient htigit 
to MTve Cbe purpose of a deak or table tot 
the draughtamsn ; a sheet of drawing pa- 
per being placed upon it will receive the 
optical picture of sndi distant objects aa 
may be foand in the direction of the axia 
of Ihe lens. The lens is set in a tube, 
which slides in the opening made in the 
bos, so that by moyiiig it more or leu 
upwards or downwards, the initrament 
may be brought into fociu, and a dintinct 
plotare prodnced upon the paper ; an open- 
ing is made in the box. at that side of it 
towards which the bollom of the picture 
is turned I the drauebtsman introdudng 
through this opening Ihe npper part of his 
person, lets fall over him a cnitain, sus- 
pended from the upper edge of the open- 
ing, so as to exclude all light from the 
boK, savothstwhich proceeds from the lens 
at the top. Thus placed, the dranghtsman can trace the outlines of the picture. 
But in the case hero supposed, the axis of the lens being vertical, the pic- 
ture would be that of the fumament. To obtain a pictiu« of toy part of 
the surrounding landscape, a plane mirror, A B, is fixed upon a hinge st s, 
■ajtion by a handle which descends into the box, so 
in give it any desired IncUnitiop. The effect of this 
a the figure by the rays, which, falling upon it, are re - 
to the lens. It will be evident, from what has been 
already explained in (142.) a Kq., that when this reflector is properly ad- 
justed, a picture of the landscape befbre it will be refieoted towards the leu 
I, B, and by it projected upon the desk of the dranghtsman. 

The oblique mirror a b, and the lens L. are sometimes replaced with 

advantage by a prism, such as that represented in^. 166. The face, a c, of 

this prism, at which the rays coming from the 

__ « Jsndscape enter, being convex, than rays are 

^ 'fl^ afiected exactly as they would be if they entered 

^^^ the convex surface of a lens ; when they fall upon 

Vp^^k the plane surface of a i, of the prism, they will be 

" I j I i reflected from it, according to what has been ex- 

|/ plained in (113.}! thus reflected, they will fall upon 

I j ; the other side, c A, of the prism } this side is ground 

j[; concave, but its concavity being less than the con- 

' veiity of the side a r, the eBbct of Ihe two sides 

Fig.166. upon tlwiayivaiUttBiuM as that of a meniscus 




Fig. l*i. 



^ draugbtamfi 

s indicated :' 

1 downwards 
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umt&l JuciB, and its indmadon ia i^gaUted by milled haailsi like the b 
of acrewi, on the oulaide; Ihe case on which ' ' 

through which the rays proceeding from the landscape are admitted; udij 
can be tnrned rouad ila vertical axia, ao that Ibe opening oan be preaanM 
iu nay diiectjoa to the BDcroundiDK laadacape. Theappaislua * ^ ' 

bT a triangle, and the draDghtsmaa is siirrDnndeil by a cnrtain, fbrming ^^ 
tent, froHi which Ibe light is Hofficiently excluded ; the height of the I<x^| 
lelatively to the table, is of courae ngiilatsd ar " 

541. Portable camera. — Another variety of moimting ii 

cameras is shown inj%-- ^68. This, which ii rate of then 




able forms of the instrument, coDsista nf a rectangular case, coiIi> 
posed of two parts, one of which aKdes within the other like t 
drawer ; in ose end iB placed the lens b, ia the other a plaiil 
mirror m, inclined at an angle of 45° to the top of the boA- 

Ovct Ibia lairror is a lid A, movable on hinges, under whioh in Iha 
ing IB aet a square plate of grouitd gloss ; the ltd A ia provided w 
ments by which it can he fixed at any desired inclination witb the plite'dl 

piOTJded to exclude the lateral light, which may also be accompUalMd In 
throwing a dark coloured cloth over the boi. 

The raya which produce the picture, entering through the lone B, fatliqi 
tbe mirror N, by which they are reSecled upwardi, to the plate 1 ~ 
glaia N, on which they prodnce the picture. The instrameDt ' 
IbcBS by drawing out the end o of tbe box, nntil the pEclur 

~ ' it dliUncuiui on the g\ui '&, 
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A leaf of tTKcinj: piper, b«ing laid npon th« g^ana, the picUn U w«n 
throogh it, n that it otn b« tnceal with focilit; uid predoon. 

542. CMueta tot pIiMacntptij'. — The form of camera UBualljt 
applied for photogiapl^ i« represented id ^. 269. ; it is more 




n its coDstructioD than those alreadj described, neither the 
ar the oblique mirror being used. 



s Jens, or its optical equiralent, la st 

ate of groand glaas is let in, by mean 
be Inaerted and remored at pleasara ; the Insti 



n a tub« at one end of a 
a drawer; in the end of 
if groovea. eo that it ran 
It ia brought it 



either by alldinR the one box nSthm the other, or by a rack and pinion in 
the grooTe. When the pirtnre is diatinclly delineated upOT the ground 
glaae, the latter ia drawn oat, and a case containing the daguerreotype plale 
ST photogTa{dilc paper li imerted )d ita place. The paper or plate b«tn^ is. 



4o6 OPTICS. 

the fint initance, acresaed from the reception of tlie pictare, b^ 
metal or board let into a groove in &ont of iL Wben ^1 in prepared fiirttia 
operation, this screen ia auddeoly rMSed by tbe operator, and the pictnrt 
allowed to fall apon the prepared paper or plate [ and being allowed te con- 
tinue there a certain niimbei ofaeconda, more or less according to the brjgbt- 
nesi of tbe ligbt, lbs ecieen ia agiin auddeniy let down, and the case con- 
laining the paper or plate ia withdrawn iVoni tbe groove, and tbe paper «| 
plate is eabmitted to certain cbeoJcal proceasea by which the picture b 
brought out and rendered pemuuieat. 

The cameras which are adapted to photography, require lo be 
constructed with greater atteution to optical precision, than those 
which are used for other purposes in the arts. The focal ieugth 
of the lensea being much shorter, optical expedients i 
adopted for the removal of spherical aberration, which 
neceasarj in other applications of the instrument. The n 
photographj also renders it necessarj that the lenses ehould be 
achromatic, or ncorlj so. 



X. The CtUBBi I.nciD 

This instrument, which takes its Dame b; contrast from llie 
camera obscura, is one of llie many giflis of the genius of Dr, 
Wollaston to the arts. Like tke camera obscura, its chieC tliou^ 
not its only use, is to 'enable a draughtsman, by the mere procest 
of tracing, to make a drawing of an object 

Jif 3- BKetbod of applylnK It. — Tbe observer places upon itfl- 
tAbie, a sheet of drawing paper, and the inatrument being placed 
level with his eye, he looks into it, and sees tbe obji 
it is directed, and at the some time sees, in the same direction, 
the sheet of paper which is upon bis table, so that in fact, t' 
object to be drawn, or its optical image, is seen projected u 
depicted on the paper. 

If he talte in hia hand a pencil, and direct it lo the paper, as if he wi 
about lo write or draw with it, be will aee hia own band and tbe poi 
directed lo tbe paper, npoa which the object is already optically delineate 
and he will eooaeqaenlly he able, with the utmoit facility and preeiaton. 
conduct tbe point of the pencil over the outlines of the object and tboM 
ei-erypart of it, so u to make as correct a drawing oTit aa could be made 
the procesA of tracing, in which a picture, placed under semi-tranapan 
paper, ia traced by a pencil moving over its outlines. 

To present the principle of this contriTance under its most simple point 
ricw, lot AB, Jig. i-jo., be an object which would be seen by the eye of 
iibserver at B, under the visual angle A E a, and let p r be a ahcel o( 
placed upon a horizontal table before the obaerver. Now let a niece oi 
glaia, one half of which ia silvered on the lower surface, 
of 45° with the direction in which the object J 
" m the eye at £ ; Che rays a e 
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the sUvered part of the glass, and which previously proceeded to la, will now 
be reflected to 0; still, however, retaining the same divergence, so that they 
will enter the eye e' of the observer, supposed to look downwards at 0, as if 




they had proceeded from a' b^ In this manner the observer, looking from 
■K* towards the tables will see an image of the object at a' b', the point a' of 
the image which corresponds with the top of the object being nearest to him, 
and the point b', which corresponds with the bottom, being farthest from 
him ; so that, in effect, the image will appear inverted. 

Now suppose two lines, Atof and bV, drawn from the extremities of the 
image a' b', to a point & very near to o, and so as to pass through that part 
of the glass m m' which is not silvered. An eye looking from & would then 
see the part of the paper upon which the image a' b^ is projected, and would 
also see a pencil held in the hand of the draughtsman directed to the paper. 

If the distance between the p<Hnts, o and of be less than the diameter of 
the pupil of the eye, the observer looking down from e/ will see at the same 
time, and in the same position, the image a' b' and the part of the paper 
corresponding with it, — for he will see the image by the rays which converge 
to o, and the paper by those which convei^e to </ ; the effect, in short, will 
be that he will see the image as if it were actually projected upon the paper. 

If the eye be advanced towards the mirror, so far as to cause the limiting 
ray a' o to graze the lower edge of the pupil, the paper will be altogether 
intercepted by the silvered part of the glass m m', and the observer, though 
still seeing the image of a b reflected on the glass, will no longer see it on the 
paper, and for the same reason, he will see neither his hand nor the pencil ; 
and he cannot, of course, make the drawing. 

If, on the contrary, the eye be moved from the glass so far as to cause the 
limiting ray a'o to graze the upper edge of the pupil, the image of ab re- 
flected from M m' will altogether disappear, and nothing but the hand and the 
pencil will be seen, these laat being visible through the unsilvered part of the 
glass. 
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544. It Is evident, therefore, that in order to enable the eye to 
see the entire image projected on the paper, it must be held in 
such a position, that while the limiting raj b^ </, shall pass within 
the lower edge of the pupil, the limiting raj Afo shall pass within 
its upper edge. That this maj take place, it is necessary that the 
distance between the points and o^ shall not exceed the diameter 
of the pupil, and that the eje be steadilj held, so that and 0' 
shall be both within the pupil. 

Since the average diameter of the pupil is two tenths of an inch, 
it follows that the distance between the points o and o' should not 
exceed that limit, and l^at any displacement of the head, wMch 
would displace the eye through the space of two tenths of an inch, 
would remove from view the pencil or image, partly or wholly. 

It will be easy from these considerations to appreciate the diffi- 
culty of using this instrument, and the necessity for practice and 
patience from those, who expect to acquire facility and expertness 
in its management. 

545. Metliod of oorrootinff InTomion. — The inversion of the 
object produced by the reflector mm', being inconvenient, a modi- 
fication of the instrument was contrived, which gives an erect 
image; this is accomplished by the easy and obvious expedient 
of subjecting the rays proceeding from the object to two succes- 
sive reflections, the first of which, as described above, would give 
an inverted image, which being itself inverted by the second, gives 
an erect image of the object. 




i 



Fig. zyi. 

This is effected by two plane reflecting surfaces mm' and m'm^ (Jig. 271.), 
placed at an angle with each other of 145^; the one, m m^ being inclined at 
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u|° with B horizontal line, and the other at the same angle with tbs 
Tsrticai lines. A ray ah, coming horizontal ly from the object, will fall opon 
MM' at an angle of uC, andlieing leflwted at tbeaame angle, will fall apOD 
Bt" M", still at the same angle, being reflected from it in the vertical dirootion 
C D. Ad object a, after the bbcodiJ reflection, -will therefore be Been erect 
npOD a level gurface, before a draughtntion who aUmdt with hia fbce t<i«nrds 
A, and stooping over the reflector h" m", teei the imago of * in it. 

In aome forma of the initrunient, ths refiectlona are made bv a prism, on 
the principle explained in (i2j,)- Thm. if one reflection only be. naed, a 
iKlangnlar prism is applied, as shown in^. 171., the raj A b from the object 
entering the face of the prism perpeudicularly, and being reflected at b to 



1 






FIF.17J. Fig. 17 



If two reHections be used, a quadrangnlar prism, having two angles of 
67J0 one right angle, and one of 1J5°, is applied, as ehown in j(j. 17], The 
conree of the ray from the object to the eye being a B o D. 

Id the preceding cases we have supposed the observer to »ee the object by 
nflectioa, and the paper and pencil diractly ; bnt it i> evident thai the con- 
ditions may aa easily be rcTeraed, bo that the object may lie seen directly, 
Uid the paper and iIid pencil by rettection. Thu we may auppose the plane 
minor mm' in fy. 370., to be silvered in the upper instead of the lower 
•atfacftandtheobeerrer looking from E horicontaHytOBaa the object directly 
through the uniilrered part, while be ceea the paper and pencil by the reSec- 
tion from the silvered part. 

This method is in many cases found more convenient than that Brat de- 

546. AiDlol'B eamera. — In Bome forms of the instrument, the 
ebierver looks at the object through a amoll hole made in s plane 
reflector, placed at an angle of 4;° id the direction of the paper, 
the diameter of the bole being l^a than that of the pupil. In tliii 
case, while the object is seen direct! j tbrougb the hole, the 
paper and pencil are eeen b; reflecCioD from the surface of the 
reflector surrounding the hole; thU is the form of the camera 
lucida afiplieil to the microscope by Professor AmicL 

J47. MacBltnde of plstnro. — Whatever be the form of the 
camera, the visual m^nilude of the image projected on the paper 
■a seen by the eje applied to the instrument^ is the same as the 
viaual magnitude of the object wen directly, and this will be thi.' 
case at whatever distance from the cnmera the paper may bi; 
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placed. It follows from this, that the actual msignitad^ of the 
picture projected on the paper will be greater or less, according 
to the distance of the paper from the camera, and that conse- 
quently the observer, bj regulating the distance of the paper, can 
obtain a picture of the object on any scale he may desire. 
To render this nEK)re apparent, let c,^. 274., be the place of 




Fig. 174. 

the camera, and a b the object, whose visual angle will therefore 
be A c B. If the paper be placed at pp, the lines ca and c b, drawn 
to the extremities of the image upon it, will make the angle acb 
equal to acb, so that the visual angle of the image ab, will be 
equal to that of the object ab. 

If the paper be now removed to p'p', the visual lines ca, cb, 
continued to it at a'ft', will still be those which mark the extremi- 
ties of the image, whose visual magnitudes will therefore be mea- 
sured by the same angle. But the space which the image covers 
on the paper at p' p', or, what is the same, the actual length of the 
optical picture on the paper will be greater than at pp, in the 
proportion of a' ft' to aft, or, what is the same, to the distance of 
F^p^ to that of pp from c. 
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Ja the same mnnner it nill appear tliat if tlie paper be succes- 
Mvely moved to greater diBtaocea, such as p"p", and p"'p'", the 
picture will be magnified in its linear dimensions, In tlie exact 
proportion in wEiith its distance from tbe camera is increaaed. 

{48. Application to microscope. >> One of tbe most recent 
and beautiful applications of the camera lucida, is its adaptation 
to the compound microscope, by means of which, details and linea- 
ments of objects, so minute as to escape ordinary vision, are de- 
picted with a precision and fidelity only surpassed by the results 
of photography. 

The instrument is fixed upon the eye piece of the microscope 
in such a manner that, while the observer looks directly through 
the eye glass at the object, he sees the paper and pencil by reflec- 
tion, the latter being placed upon the table before him. Supposing 
the aiis of the microscope to be horizontal, the paper and pencil 
will be reflected from a plane mirror placed at an angle of 4;° 
with the vertical, the reflecting side being turned downwards. 

The instrument may be so arranged that the paper may be seen 
directly, and the object by reflection. In this case, the mirror 
is also placed at 45° with the vertical ; but the reflecting side is 
presented upwards. The rays, proceeding through the eye glasB 
from the object, are reflected upwards and received by the eye 
of the observer, which, looking downwards, views the paper 
directly. 

In _fig». 275. and 176. is shown the arrangement, by which lie 
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observer o views the object directly through a small bole in the 
oblique reflector, which is fixed upon the eye piece, while he sees 
tbe paper and pencil by two reflections, the first from the back of 
the prism p, and the eecood from the oblique reflector Mm. Tbe 
effect is to project the image of the object seen in the microscope v, 
upon the image of the paper seen in the reflector m in. 

The prism p is interposed in this case to render the image of the 
band and pencil erect. A front view of the prism and eye piece Is 
iwn in^. 275., and a side view in_/^. 276. 



In^. 177. an arnugement ii Aowa by wbich the object ii 
b; reflection, and tlie p^r directly. 




In tbii case the rays issuing from the eye piece of tbe micro- 
scope are reflected twice successively from the two »des of tbe 
prism, which are inclined to each other at an angle of 1 35°, u 
explained in {123.)- 

According to what has been explained in (547.), the observer 
can vary the magnitude of the picture on the paper by varying 
the distance of the paper from the prism, without varying the 
magnifying power of the mieroacope ; and in this way he can make 
a tracing of the object on any desired scale. 
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549. SnrpiialDC efCBots of tbe Inatnunent •xpbUnML — 

The Burpriie esolted by the impressione of perspective and relief 
produced by the stereoecope buve never, na we tbiiik, been liiUy or 
■deqiiately esplained. This emotion of Bstonisbment does not 
Bterely arise, as is commonly supposed, from the fact thttt saoh 
unpreRaioDs are stronger thui tbo«e produtied by the best exe- 
cuted drawings or pajntings, but that, paradoxical as it may seem, 
they are actually in many cases stronger and more vivid, than any 
which could be produced by the objects themselves. In a word, 
the stereoscope bas the property of exaggerating the natural 
effects of perspective and relief. To comprehend this it will only 
be Decessary to revert for a moment to the prinviplea upon which 
the efiects of vision are baaed. 

The mind judges of the relative position, form, and m^nitude 
of visible objects by comparing their apparent outlines and va- 
'ea of light and shade with the previously acquired impressions 
of the sense of touch. The knowledge that auch and such visual 
appearasces and optical effects are produced by certain varietiea 
of forok, position, and distance having been already acquired, it 
substitutes with the quickness of thought the cause for the eSect. 
continual repetition of such acts, which are ncceaaarily re- 
ed as often as the sense of vision is exercised, and the extreme 
rapidity with which all such mental operations are performed, 
render us unconscious of them, and we im^ine that shape, dis- 
tance, and position are the inmiediale subjects of visual perception, 
instead of beinir consequences deduced from a set of perceptluna 
of a wholly diS^rent kind. 

550. Oaa««B of Tlaaal peitpetsUro sDd relief. — In drawing 
and painting the eflects of perspective and relief are therefore 
reproduced, by transferring to the canvas the same outlines and 
tbe same varieties of light and shade, which the objects delineated 
Kally present to the eye, and when this has been accomplished 
with the necessary degree of fidelity and prcciuon, the same im- 
pression of distance, perspective, and relief is produced, as that 
which would be received from the immediate view of the objects 

imsclves which are delineated. 

^51. ureala of lilnitoiaar parsdlftx. — In certain exceptional 
ca, however, a class of visual phenomena is manifested which 
•re quite inde[)endent of mere outline and varieties of light and 
shadow, and which no eObrt of art ran transfer to canvas. In- 
iich, also, as theee phenomena, like those already mentioned, 
are optical effects of distance, form, and position, tbey becouei like 
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the othera, indications hj which the mind judges of the relithS 
formB and poaitioaa of thti objects which produce them. Pheno- 
mena of this class are manifested, vrheo the objects viewed ar«> 
placed BO near the observer, as to have sensible binocular pa- 
rullax. The aspects under which thej arc seen in this case bf 
the two eyes, right and left, are diSerent, Certain parts are 
visible to each e^e which are invisible to the other, and the re> 
lative position in which Bome parts are seen bj one eje, difiers from, 
those in which the same parts are seen bj the other eje. Thia 
difference of aspect and appareot position, ariseB alti^ether froiQ 
the different position of the tvfo ejes in relation to the objectf. 
It is a phenomenon, therefore, which can never be developed, ii 
the case of objects whose distance bears a large proportion to tb 
distance between tlie eyes, because there is no sensible difference 
between the aspects under which such objecta are viewed by thft 
one eye and the other. The phenomenon, therefore, can only bar 
manifested in relation to objects, whose distance from the observer' 
is a small multiple of the distance between the eyes. 

To render this more clear let us imagine a bust presented to : 
observer at a distance of a few feet, the face being turned o 
liquely so that one tide is presented more to view than the otberj 
Supposing the side which is turned towards the observer to be 
his right, it is evident that the nose will intercept, more or less, th 
view of the side of the face which is on his left, but the partwbiiD 
it thus intercepts will not be the same for both eyes. It will eij 
dently intercept more from the right than the left eye. On tb 
other hand, the right eye will see a part of the right side of tfa 
bust, which will be concealed from the left eye by the projecting 
parts of the face. 

It therefore appears that the two eyes, right and left, wi 
different views of the bust i so that if the obeerver were t< 
an exact drawing of the bust with his left eye closed, and a 
exact drawing of it with his right eye closed, these t 
would not be identical. One of them would show a part of tl 
bust on the extreme right, which would not be exhibited in U 
other, and ibe latter would show a part on the extreme left, vrtnc 
would not be included in the former. Moreover, a part of ti 
cheek and the eye would be shown in the drawing made with tl 
right eye closed, which would not appear in the drawing nwt 
with the left eye closed. 

Two such views of the same object are shown in Jig*. 278. at 
279„the former being the view presented to the left and the latb 
to the right eye. 

Now it is evident that when such an object is looked U Wi 
both eyes open, the two different visual iinptesaioiu h 
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simultaneouslj perceived, and thej become to the mind, like 
the other visual impressions already described, signs and indicu- 
of the oetuul forms which produce them. 




Fi».X7B. 



Fig. ,79. 



When objecia, therefore, can be viewed at distftnees small enough 
1(1 be attended with a sensible degree of binocular parallax, their 
perspective and relief are percei-ved, not only by the outlines 
and varieties of light and shade, wbich are the common indications 
of perspective and relief at all distances, but also by the class of 
Unoeular phenomena which we have just described. 

Hence it follows that the perception of relief, and generallj of 
total and relative position in objects whose proximity is sufficient 
to produce binocular parallai, is much stronger and more viTid 
than those whose distances, rendering the binoctdar parallax 
avaneBCent, leaves nothing but the ouUinea and the varleliea of 
light and shadow, by which the mind can forma judgment of form, 
relative distance, and position. 

But, since binocular parallax, is reduced to the very small amount 
of half a degree at the distance of 14 feet, it is clear that it can 
only enter into the conditions by which we perceive perapeclive 
and relief, in the case of a very limited clui^ of objects, and is not 
at all applicable U> objects in general whose forma and perspec^ve 

a habitually contemplate. 

;;z. Principle of the atereoacope. — Ailer what has been 

rplained of the two different views which a near object prt>sents, 
when looked at successively with the one eye and the other closed, 
the principle of the stereoscope will be easily undejBtooiI. 

A bust being placed before a competent draughtsman, as above 
described, at a distance sufficiently small to produce considerable 
paralluc, let him make two esoct druwuiga of il, om 
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with the rigbt cje closed, and Che other irith the left eye clojcd. 
These two drawings will then represent the object as it is actuellj 
seen, when the optJc axis of each eje is directed to it. Let db 
suppose that, hj some optical expedient, the two drawings thus ■ 
made con be bo presented to the two eyes, that the optie axea, i 
directed to them, shall converge at the Eamc angle as when thcjirsl 
directed to the object itself. In that case each eje will obtain thai 
same view which it would obtain if tiie object itself were placed ■ 
before it, and the visual perception must necessarily be the ai 
as would be produced bj the object looked at with both tja 1 

^^y. Origin of t&e name. — Now the optical expedient bj 
which this is aceomplished is tlie stereoscope, a name derived from 
two Greek words, irrtp*^>i (stereon), a solid object, and on 
(skopeo) / iook at ; inasmuch as the eflect is such as to malte iIk 
observer imi^ine that a really solid object (in the geometrical 
sense of the term), instead of a flat surface, is placed before him. 

Various opticsJ combinatlooB have been proposed and eonlrived, 
for the purpose of producing this effect upon two such drawings 
as we have here describiid. Id some tbe visual rajs proceedmg 
from the pictures are thrown iiilo the requisite direction byreflec- 



tion, and in others by refraeti 
5^4. 'WTieatBtone': 




— In the fint 
itbj 



form given ti 

Professor Wheatstone, ii 

tor, the visual raja proceeding 

from the two pictures wet« de 

fleeted bj two plane 1 

placed at a right angle, si 

entering the eyes they proceecM I 

as if they had diverged fron t J 

common point, at which the ob* \ 

ject represented by the pictnMi<J 

would therefore appear to Ml 

placed. 

i pUn of n rwlangular box, opea 1 
the siae AD so as to aamit tne llgbl. Let nand Lbe two eye holes' mK 
the «de BC,at a distance apart equal to the iliitance betw«n tlie eyes of tQ 
abserver. Let SF and F G be two plane mirrora placed at right anglea 
other. Let ■ drawing of an objert Beea with the right aye, llio left b 
closed, be Btcaehed ti> tiie inside of n c at r, and another made fhnn tba at 
seen with Che left eye, tho right bdag cloieil, be in 
to th« iDside of A H. Sopposing the eyes af the observer to In placed M 

holes K and L, the right eye will Be« by reflecl 

tion B n, and ibe left eye will ne the drawing / by rcSccCion in the dirt 
and K ■ be iinaginsd l« ' 



D (fig. 180.) be the groin 
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will meet at n vertun point o behind Die rellbctorsi and if the drawing* 
r and / be mitde la CAireEpond witli tlia viewn which Iha right and lift ejn 
would have reapactively of IhB object itself, which they reprenant, placed at 
IB iropression prodnced by Iho two drawings thus aeen will he precisoly 
aame IB those which would be produced on the right and left eye re- 
ipectiTclf b7,the object itself seen at o. 

SSS- "' Ob-^iI BrewBMr'a lenUcnlar atereaaeopei — Tii Ihh, 
which b the form of the iostrunient to which the public in genonil 
ill countrica have given the preference, the visual rajs proceed- 
ing Irom the two pictures are deflected and made to diverge iroin 
the desired distaoce, by means oi" two eccentric double conTex 

These am formed by cnttmg a double convex luni A n o i) (^</. iSi.), into 

througb the centre of the lens. The two eccentric lenses are then cut out of 
these, so that their diameters A B and c r. shall be the semi-dininclers of tbe 
originai lens. It will be evident that a section of tlie original lens, made by 
lane passing thioagb AEcat tight angles to ita iinrface, wiii have the 




HI reproBenled at a e c {fig. 1E2.), an^t u'onieqaenlly that the two eccentric 
ns A E and c e vUl have Iboir thickest part at K, and their thinnest at 
Liid C White the geometrical centres of these lenses ale it and i/, tbeir 
optical centres are at the thidtest point e of the radius. 

Now suppose these two lenaea to be set with their edges A and c towards 
caeb other ia two eye boles whose distance apart is equal to that of the ryes, 
and let two objects, p and p' {fig. 1S3.), be placed before them at a distann 
I to their common fbcal length. According to the properties of lenses 
1^ expi^nad, pencils of ray* diverging from f and p*, and paiung 
UdWlgb Ihe leases, will be, after refhution. parallel respectively to lines 
* rawn from p and r*. through the optical centres s and t) or tba leiues. 
Ira* the visual ray pp will, after reh-action, issue in the direction ;i i, and 
i« ray r'p' will issue in the direction p* H, so that the points p and pfwill 
ba t«en in the directions \.p and R p' converging to the point n. 

fttm if pt>ea picture of an abject as It appears to the left eye, and r> a 
T>lctani of it as it appears to the right eye, these two pictura will be broiifbt 
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hey ire illwminated through an opening'A b c d, covered 
;ed lid, the inside Burface of which is coated with tinfoil 
eileet light upon the pictures. If thej are transparent, 
if the instrument a^ ^ c' 7/ has a plate of ground glass 
, which allows a diffused light to pass through the 

ielted ef eiMalnlBff ■tereoeovpie ptetoree. — In what 
itated abore, it has been assumed that two drawings of 
object can be produced, differing one from another pre- 
le two iriewB of the same object would differ, when viewed 
;ht and the left eye successively, subject to a given de- 
inoeolar parallax. Now, the difficulty, if not the total 
■bility, of accomplishing this, with the extreme precision 
ndispensable, by any process of hand->drawing, will be ap* 
lid if the stereoscope were dependent on such a process, 
remarkable efiects manifested by it would never have 
lessed. Fortunately, however, contemporaneously with 
iful optical invention, another, still more remarkable, was 
8 of improvement. Photography lent its powerful aid to 
scope, and supplied an easy and perfectly accurate and 
leans of producing the right and left monocular pictures, 
.es be imagined to be drawn from the object inclined to 
r at the angle which measures the proposed binocular 
two photographic instruments placed one on each of these 
he proper distance from the object, will produce the two 
ctures ; or the same instrument would do so, placed suc- 
in the directions of the two lines. 

?reoscopic pictures are accordingly produced by this 
ther upon daguerreotype plates, photographic paper, or 
n daguerreotype plates they are necessarily opaque ; on 
are transparent ; and on paper may be either opaque or 
at, according to the thickness and quality of the paper. 
:h^ greater number of stereoscopic pictures represent 
objects which must be so distant from the observer as to 
3nsible binocular parallax, it may be asked how it is that 
)ic effects, so remarkable as those which are manifested 
ictures, can be produced. If the stereoscopic effects be 
][uences of binocular parallax, and of that alone, how can 
;ts be produced by pictures of objects, which have no 
Uax? 

•w tlie effaota of relief are produced. — This brings 
) a statement made in the commencement of this notice, 
appearance of perspective and relief produced by 
)e is, in most cases, exaggerated, as compared w^ 

BE 2 




An mlvantage iiii'idental to i 
xity of the lenticular eye pieces a e and 
to produce any desired magnifying effect, i 
upon the two pictures. 

The tubes containing the i^ 
gla-S'-ea A B and c e', are a 
draw mandoutsoastobe 
ed to different eyes ; and tl 
lised by pins, nbjcb pan il 
slits made in them, in tlwt pi 
tion m whii'h the deflected ii 
have the proper decree of ^vf 
gence 

The form in vhich this 
cular stereoscope isuauall/w 
(Iructed, is shown in J^. t' 
The pictures are either c_ 
or transparent. If ibsj ! 
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Pie, they src illuminated tbrougli an opening'^ b c d, <;overed 
hinged lid, the inside surface of which ia coated with tinfoil 
M as tn reflect light upon the pictuTca. If they ore transparent, 
the base of the instrument k' b' c' d' has a, plate of ground glasfi 
Bet in it, which allowa a diOused light to pass through the 
pictures. 

556. Metbod of obtalnlnK ■tsraoaooplo platar**> — In what 
3 been stated above, it haa been assumed that two drawings of 
e same object can lie produced, differing one from another pre- 
dselyas the two yiewa of the same object would differ, whenTiewed 
fcy the right and the left eye auccesaively, subject to a given de- 
gree of binocular parallax. Now, the difficulty, if not the totnl 
mpraoticability, of accomplishing this, with the extreme precision 
trhich is indispensable, by any process of hand-drawing, will be ap- 
parent I and if the stereoscope were dependent on such a process, 
Qie most remarkable effects munifeated by it would never have 
been witnessed. Fortunately, however, ciintemporaneously with 
liiia beautiful optical invention, another, still more remarkable, was 
"o progress of improvement. Photography lent its powerful aid to 
'le stereoscope, and supplied an easy and perfectly accurate and 
efficient means of producing the right and left monocular pictures. 
If two tines be imagined to be drawn from the object inclined to 
h other at the angle which measures the proposed binocular 
parallax, two photographic instruments placed one on each of these 
ines, at the proper distance from the object, will produce the two 
Sesired pictures j or the same instrument would do so, placed suc- 
IBessively in the directions of the two lines. 

Ilie stereoscopic pictures are accordingly produced by this 

id either upon daguerreotype plates, photographic paper, or 

^aas. On daguerreotype plates tliey are necessarily opaque ; on 

]aai they are transparent ; and on paper may be either opaque or 

ranaparent, according to the thickness and quality of the paper. 

Since th# greater number of stereoscopic pictures represent 
riewf of objects which must be so distant from the observer as to 
Wve no sensible binocular parallax, it may be asked hon it is that 
■tereOBCopIc effects, so remarkable as those which are manifested 
rj Mich pictures, can be produced. If the stereoacopio effects be 
jhe consequences of binocular parallax, and of that alone, how can 
ach effects be produced by pictures of objects, which have no 
ich parallax F 

$$7. ■•« ttM alfoou or relief are prodnoetf. — This brings 
■ back to a statement made in the commencement of this notice, 
lut (he appearance of perspective and relief produced by the 
lereoMope is, in most oases, exaggerated, as compared with that 
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produced by an immediate view of the objects themselves, and 
that it is consequently such as can ^ever be perceived wheii th? 
objects themselves are looked at ; and that hence arises the sen- 
sation of surprise that such stereoscopic eff^ts never fail \o 
excite. 

If we desire to obtain a pair of stereoscopic pictures of any 
object of considerable magnitude, a palace or a cathedral, for 
example, we take a position at such a distance from it as will 
enable us to obtain, in the camera obscura of the photographic 
apparatus, a picture of it on a sufficiently small scale. Supposing, 
then, two lines to be drawn from the centre of the object to the 
place selected for the camera, making with each other an angle 
equal to the amount of binocular parallax, which is necessary to 
produce the stereoscopic effect of perspective and relief; let two 
photographic instruments be then placed one on each of these lines, 
with their optic axes in the directions of the lines respectively, 
and therefore converging towards the same point of the object, 
and let the distances of their object glasses from that point be 
equal. The optical pictures which they will produce will in that 
case be those which would be seen by two eyes, right and left, 
having a distance apart equal to the distance between the object 
glasses of the two photographic instruments. 

When the pictures are thus produced on a small scale they are 
placed in the stereoscope, the eye glasses of which will have the 
effect of causing them to be viewed in lines converging at the same 
angle, as that formed by the optic axes of the two photographic 
instruments by which the pictures were produced, 

558. iratoral relief grreaUy exagrfferated. — It will be mani- 
fest, then, that the impression produced by the view of such 
pictures in the stereoscope will be such, as could never be pro- 
duced by the immediate view of the objects themselves, inasmuch 
as they could never be seen with any such degree of binocular 
parallax, as that which has been given to them by«the relative 
position of the two photographic instruments. This parallax will 
be greater than the natural binocular parallax of the object, in the 
same proportion as the distance between the centres of the object 
glasses of the two photographic instruments, is greater than the 
distance between the eyes. Thus if, in taking such a pair of 
stereoscopic views of a building, the distance between the photo- 
graphic instruments is 50 inches, the parallax thus produced will 
be greater than the natural binocular parallax in the proportion 
of 50 to 2^ or 20 to I, and so far as the perception of perspective 
and relief depends on binocular parallax, that which is produce4 
from viewing the pictures of the building in the stereoscope, will 
be 20 times more strong and vivid than that which is produced 
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hf &e Ttew of the building itself, seen from the statbn at which 
the pictures are taken. 

'It ie then rigoroualj true, that the surprise and admiration 
excited by the etereoacope, does not arise from the truth of the 
picture which it presents, but from the strong exaggeration of 
perspective and relief which it exhibits. It is very true that no 
■rt of the draughtsman or painter could produce anj such effects; 
bat it is equally true that do such effects could be produced by 
the objects themselves. 

Among the most interesting and instructive as well as but- 
priung effects of the stereoscope, are those which it exhibits when 
■tereoscopic views of geometrical solid figures are exhibited in it. 
The variety of these is endless. But since no mere verbal de- 
•cription could convey any adequate idea of them, we can only 
invite the reader's attention to this class of objects. 



J59. Oriclnvf tiM name.'^This pretty optical toy, named from 
diree Greek words, koKov tllot (kalon eidos), a beautifidform, and 
nroiTiu (akopeo), I tee, was invented by Sir David Brewster, for 
the purpose of creating, in indefinite number and variety, bean- 
tiAil fbrms, and exhibiting them so that they may be copied and 
rendered permanent. 

j6o. atovetnra of tbe tautrament. — Two oblong slips of look- 
ing-glBss, AQcc and AabB(fg. 285.), are placed edge to edge at as 
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« each other at an angle of 60°. Thus placed, they are 
fixed in a tube of tin or brass of corresponding size, an end view 
of which is shown inj^. 286., where the circle AC b represents the 
tube, and a b and a c the edges of the plates of glass. One end 
of the tube i« covered by two disca of glan, between vhich brokoB 
■ ■ % 



pieces of coloured gjaaa of other trauipftreDt ooloored objecti toe 
placed loosely, bo tlmt they can fall from side to side, and take an 
infinite variety of oaiual arrangements. ,Tl>e extemid diic ii 




ground glass, to prevent the view of external objects disturbing 
die effect. The other end of the tube is covered by a diaphragm, 
with a small eye hole in its centre, through which the observer 
looks at the coloured objects contuned in the cell at the other 
end. He not only sees these objects, but also their reflection in 
each of the inclined glasses ; and when the angle of inclination is 
60°, the object will be seen five times repeated, in positions regu- 
larly disposed round the line formed by the edges at which the 
glasses touch each other. 

561. tta optleal eSeot. — The angular space, B a c, inclnded 
between the glasses, and every object within It, will be seen re- 
flected in each glass. Thus b a u will be seen in the glass b «, ai 
if it were repeated in the space bag' and in the glass a c, as if it 
were repeated in the space c a </'. But this is not all. The re- 
flection H Ac' becomes an object before the {;lass Ac, and being 
reflected by it, is reproduced in the space c'' a c"", and the reflec- 
tion c A c" being reflected by the glass a b, is reproduced in the 
space c' A c'". Thus, besides the view of the objects themaelTe* 
which are between the glasses, and which would be seen if there 
were no reflection, the observer will seethe four reflections, two. 
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>tL*f' and c" A c"", to the right, and two, b i c' and c' i c'", to the 
left. 

But the reflection c' a c'" is agai n reflected bj the glass a c, and 
is aeen in the space c'"a c"", and at the same time the reflection 
' A.c"" is reflected in the glaas a b, and is also reproduced in the 
me Bpnce c"' a c"". Thus it appears that this space c'" a c"" 
iOeiveB the reflection of both glusaes. 

Hie observer, looking through the eye bole of the kaleidoscope, 
eg a circle nhose apparent diameter, c c'", is twice a c, the 
lireadtb of the reflector. This circle is divided into six angidar 
apsces, two of which are the first reflections, and other two the 
secoad reflections of the inclined glasses. The other two consist 
of the actual space included between the glasses, and a similar 
opposite t^ it which receives at once the third reflection of 
both ^aMes 

Since looking glasses never reflect oU the light incident upon 
them, these reflections will not be as vivid as the direct view of 
tlie space bc; nor will they, compared one with aDother, be 
equally vivid. The reflections bc' and c'c'' will be less vivid than 
lite object BC, but more so than the second reflections c'c"' and 
The third reflection c'" c'"' would be less vivid than the 
■econd c' c"' and o" c"'', if it proceeded only from one glass, as do 
the latter. But it must be remembered that being the combined 
of both glasses, tlie loss of brightness by the multiplied 
reflections of each glass is to somi! extent compensated. 

{6z. Vkrtetlea or foim. ~W« have here supposed that the 
uses are inclined at 60°, but they may be inclined at any uigle 
wbiob is an aliquot part of 360°. Thus if they are inclined at 
90°, the circular space or field of view round a will be divided 
into four angular parts, and the sune observations are applicable. 
If the glasses are inclined at an angle of 45°, the field of view 
will be divided into eight equal angular spaces, seven of which 
will be filled by the reflections. 

From what has been here explained, the unequal bngbtneis of 
the spaces seen in the kaleidoscope will be understood. If, as is 
most conimoD, tlie angle of the ghisses he 60°, this is perceptible; 
but if it be 45°, the repeated reflections so reduce the brightnaw 
■s to impair the beauty of the eSeet. 

Sudi being the optical principle of the iostminent, it renuins 
to explain some practical conditions which are necessary to the 
litte development of the phenomena. Let Acs and BCB, fig. 
187., be the two mirrors, c a being their line of junction or common 
ititerseotion. If the object be placed at a distance, as at H n, then 
tbo'c is no position of the eye at or abovn b which will give a 
' arrangement of the six images ahown in j^-. a " ' 
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the corresponding parts of the one will never join the corre- 
sponding parts of the other. As the object is brought nearer and 
nearer, the symmetry Increases, and is more complete when the 
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object N N is quite close to a b c, the ends of the reflectors. But 
even here it will not be perfect, unless the eye is placed as near as 
possible to e, the line of junction of the reflectors. 

563. ConditioiM of ssnninetry. — The following, therefore, are 
the three conditions of symmetry in the kaleidoscope : — 

I. That the reflectors should be placed at an angle which u an 
even or an odd aliquot part of a circle, when the object ii'TCgiihe 
and similarly situated with respect to both the mirroM; O^lil 
even aliquot part of a circle, when the object is irr^pilar. '." *> 

IL That out of an infinite number of positions for the obftdhUtk 
within and without the reflectors, there is only one positioii utena 
perfect symmetry can be obtained, namely, by placing tlie4)b|flaft 
in contact with the ends of the reflectors, or between them. '. '. ' 
• III. That out of an infinite number of positions for Hie gUmUm 
of the eye, there is only one where the symmetry is perfect, niynelyi' 
as near as possible to the angular point, bo that the whole of ii^ 
circular field can be distinctly seen ; and this point is the onlj OM- 
at which the uniformity of the reflected light is great-est. 

In order to give variety to the figures formed by the infitniniifiil, 
the objects, consisting of pieces of coloured glass, twisted glaasiof 
various curvatures, &o., are placed in a narrow cell between two 
circular pieces of glass, leaving them just room to tumble about 
while this cell is turned round by the hand. The pictures thus 
presented to the eye are beyond all description splendid and beau- 
tiful, an endless variety of symmetrical combinations presenting 
themselves to view, and never again recurring with the same form 
and colour. 

564. Appllcatioii of object leno to it. — '^ For the purpose of 
extending the power of the instrument, and introducing into 
symmetrical pictures external objects, whether animate or inani- 
mate," says the inventor, "I applied a convex lens, t l, fy, 287., 
bjr. means of which an inverted image of a distant object i« m, may 
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formed at the very eitreuiitj of the mirrors, and llierefore 
brought into a position of greater symmetry tban can be effected 
in any other way. In this construction the lens ia placed in one 
tube, and tlie reflectors in anotlicr, so that bj pulling out or push- 
ing in the tube next the eye, the imorre of objects at any distance 
can be formed at the place of symmetry. In this way flowers, 
trees, animals, pictures, buats, may be introduced in symmetrical 
combination. When the dietance eb is less than that at which 
the eye sees objects distinctly, it is necesBary to place a convex 
lens at B, to give distinct vision of liie object in the picture."* 



56;, Bablnet'a polBrlalar ptiotomet«r. — M, Babinet Las 
recently invented a photometer of great seiiaibility, depending on 
the polarisation of light, A perspective view of this apparatus is 
given in ,/^. z88-, and a section by a plane passing through the 
of the tubes in Sg. 2S9. Two tubes, a long one, a b, and a 
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tubes inter»ect, a bundle of twelve plane gl;iss plates 8(^.2) ^^^ 
dividing into two equal partd th« angle i b d, formed bj the ucl 
of the tubes, is fixed. Two dieca of ground glass d, /, are phc 
in the tubes at right angles to the BJies, whioh have the effect 



diffnaing the ligbt transmitted along them, and presenting t 
e^e the appearance of an illuminated disc. At e e' is placed » 
plate of quartz of double rntiLtion, and at c a double refracting^ 
ochromstic prism, bj which the coloured images produced by tto 
quartz e e', are observed. The apparatus beingdispOKd, aathowa 
inj^. z88.,twolighls,A, B,beiiig placediu the direction of the tuba^ 
the tight emitted from a being reflected bj the gUsa plates at « 
{_/%■. 189.), at an angle of 35° 25', the reflected raj's vill be traiM- 
initted along the axis of tbe tube a b, and the pencil tbna t 
mitted being polarised, and passing through the plate < e*, wil^ 
when viewed through the double refracting prisnt c, be seen witk 
two oomplementarj tints ; bluish, red and green, for example. 

The light whidi proceeds from the lamp b, passing along tiM 
axis of the tube a b, and falling upon the posterior aide of ifca 
pUtes B, will in part be transmitted through (hem, and the portiiM 
thus transmitted will be polarised by refraction. But since Kn 
pencils polarised, one hj reHection and the other by refr«cti«H, 
have their planes of polarisation at right angles, it follows that tfaa 
plate of quart!, « e', will be coloured bj the two pencils refracted 
and reflected, with complementary colours. Therefore, if th 
pencils proceeding from a and b, and arriving separately 1 
opposite ^des of the bundle of plales b, have the same latetMtji 
tbe plate of quarts e e' will appesr white. Bnt on the cor 
if the two lights A and b have different intensities, the coroplea 
mentarj pencils transmitted by n to e e', will also have different 
intensities, and the ligbt transmitted by the quartz will 
complementary tints more or leas pronounced. 

In the application of tbe instrument to determine tbe relatirB 
iateantiea of two lights, theii dietaticea from the tubes b a 
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^ure varied until the light transmitted by the quartz. e<f appear 
white. In that case it will follow that the illumination of the 
semi-transparent discs d and f has the same intensity, and conse- 
quently the absolute intensities of the two lights a and b will be, 
according to what has been proved, in the inverse proportion of 
the squares of their distances from the plates d and/. 

Hie advantage which this photometer possesses is, that it re- 
duces the determination of the relative intensities, to the power 
possessed by the eye to distinguish between tints of colour, instead 
of degrees of brilliancy. The eye is so constituted that it will 
perceive a small difference of tint in two juxtaposed objects, with 
much greater facility and certainty, than it would distinguish 
between two degrees of brightness, differing very little from each 
other, the objects being illuminated by lights of the same tint. 
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A." 

Aberration, chromatic, of lenses, tcrj ; of 
converging lenses, 206; of diverging 
lenses, t'b. 

Achromatic lenses, compound, aio; struc- 
ture of, 299. 

Achromatism, 474; to produce perfect, ib. 

Amethyst, polarising property of, 299. 

Angle of incidence, effect of, 87; has a 
limit, 108. 

Angle of reflection, iia 

Angle of refraction, io6. 

Angular aperture, 473. 

Angular distance, 43O. 

Apparent brightness, 364. 

Apparent magnitude, 353 ; sometimes in- 
ferred, 430. 

Apparent motion, 385; how affected bv 
distance, 386; example of cannon ball 
and moon, 387 ; how affected by motion 
of observer , 43X. 

Aqueous humour, 317. 

Arago, researches of, u6w 

Astronomical instruments, 11. 

Atmosphere, use of, in dimuing light, 37. 



B. 

Babinet, his polarising photometer, ^65. 

Biaxial crystal, effect or, z88. 

Binocular paridiax, 409; distance esti- 
mated by, 410; cases in which evanes- 
cent, 411 ; cases in which sensible, 41X ; 
opera giau, 418 ; effect of, 421 ; effect of, 
in stereoscope, 551. 

Binocular vision, 403. 

Blot, experiments of, on rotatory pola- 
risation, 197 ; rotatory polarising appa- 
ratus, 304. 

Bodies, luminous and nonlomlnous, %. 

Brewster, Sir D., his analysis of the spec- 
trum, 195 ; researches of, 199 ; experi- 
ments of, on accidental colour, 391 ; his 
lenticular stereoscope, 555. 



C. 

Camera, portable, m ; for pbntogr^y, 
541 i lucida, S43 i AmUri's, S46. 



Camera lucida, 543 ; precautions in using, 
544; method of correcting inversion tn, 
545 ; its application to microscope, $48. 

Camera obscura, 539; methods of mount- 
ing, f40i 

Cannon bail, whv not visible, 387. 

Carbonate of ieaa, effect of, 189. 

Chevalier, his microscope, 493. 

Chromatic phenomena explicable. i8t. 

Compound microscope, 46*; principle of, 
468. 

Compound object piece for microscope. 

Concave reflector, 72. 

Conical reflector, 81. 

Converging lens, 142; three forms of, 143. 

Convex reflector, aberration of sphericity 
in, 66. 75. 

Convex surface, 131. 

Cornea, 310. 

Corpuscular hypothesis, 215. 

Crvstallme, 314. 

Cylindrical reflector, 81. 

Colours produced by combining diflisrent 
lays or spectrum, 184; generally com- 
pound, 185 ; dispersion, 194. 



D. 



D*Arcy, experiments of, on quickness pf 
vihion, 379. 

Dissolving views, ;2$. 

Distinct vision, limits of field of, 401 ; dis- 
tance of most, 454. 

Divergent surface, 138. 

Diverging lens, three forms of, 144; aber- 
ration of, 208. 

Doublet, 464 ; Wollaston's, 465 ; mount- 



ing 



E. 



Dertric light spiled to magic lantern, 
526. 

Elliptic reflector, $4. 

Eye, importance of, 306; structare of, 307; 
achromatic, 326 ; apUuutic, 327 ; optical 
centre of, 331 ; adaptatloo of^to distance, 
333 ; voluntary adjustment of, 334 ; of 
leeble convergent power, 342 ; of strong 
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convergent power, 343 ; power of lens 
required by defective, 344; power of 
sbort-sigbted, 345 ; hai power of accou» 
modjition, 361 ; tendency of to comple- 
mentary impreMimi, 393. 

Eye ball, limit of play of, 32a. 

Eye brow, 310. 

Eye lid, 319. 

Eye piece, 478 ; method of rendering at 
right angles to object piece, 488; of 
telescope, 513 ; positive, 514 ; negative, 
515 i power of, 516. 



F. 

Faraday, researches of, 305. 

Fata morgana, 114 ; examples of, 115. 

Field, magnitude of, in microscope, 480. 

Field glass, 470. 

Foci, real and imaginary, 67 ; rule to deter- 
mine conjugate, 73 ; relative position of 
principal, 134. 

Focus, to find the distance of the principal, 
13a; rays diverging ftrom, 137; of re- 
fraction, how to find it, 140 ; how to de- 
termine principal of a lens, 147. 

Foramen centrale, 398 ; supplies no distinct 
perception, 413. 

Frauenhofer, his mounting.'of microscopes, 
49k 

G. 

Gas applied to magic lantern, 526. 
Gas microscope, 534. 



H. 



Heat, its relation to light, tin. 

Herschel, Sir J., aberration diminished by 
his lens, 169 ; his experiments on the 
spectrum, zoo ; his telescope, 5O5. 

Horopter, 413 ; objects out of, seen double, 

I. 

Iceland spar, 148 ; effect of, 186. 

Illumination, sufficiency of, 361 ; intensity 
of, 367. 

Illuminating apparatus ofmicroscope, 487; 
of solar microscope, 5Z8 ; for photoelec- 
tric microscope, 537. 

Image iotmed by reflecting surface, 50; 
magnitude of, on retina, 349. 

Inclined reflectors, 49. 

Instrument, astronomical, 11 ; levelling, 

IB- 
Interference of light, XV) ; efibi^t^ of, %%% ; 

examples of phenomena of. 23 3 ; of 

efiects of, X35. 

Iris, 315. 

Iridescence explained, 137. 

Irregular reflection, 31 ; necessary to vi- 
sion, 3$ ; of lamp shades, 38. 



J. 

Jup\ter*» satellites, velocity of light deter* 
mined by^ 219. 



K. 

KaMdoeeope, 559 ; opdcal eflbeto of, A.; 
application of object lent to, 561 ; cos- 
ditioiia of fymmetiy in, ^3. 



L. 

Lassells, his telescope, 508. 
Lateral inversion, effect of, 47. 
Lens defined, 142 ; converging, 143 ; di- 
verging, 144 ; axis of, X45 ; effect pro. 




by« 156 ; image formed by double con- 
vex, 158 ; image formed by concave, i6t ; 
distortion by, i6j ; magnitude of sphe- 
rical aberration in, 166 ; of least uier- 
ration, 167 ; aberration diminished by 
compound, 168; gem, 17X; aplaoatic 
chromatic aberration of, aoy ( aberratioii 
of converging, 208 ; aberration of di- 
verging, Uf.\ structure of achromatic, 
%\% ; effect of right and left handed, n^ ; 
power of required by defective qres, 344 ; 
magnifying power of convex, 455 ; ma- 
mond, 459 ; Coddington, 463 ; applica- 
tion of til kaleidoscope, 564* 

Levelling instrument, 13. 

Lieberkuhn, 486. 

Light, physical nature of, i ; propacatfon 
of diminished by distance, 18 ; obUqiiUgr 
of, ao ; method of comparing intensity 
of, x\ ; solar, 27 : electric, 28 ; table of 

Eroportions of, 80 ; bow disposed of, 88 ; 
ow affected, 8p ; refraction of, 92 ; solar, 
178 ; composition of solar, t8o ; disper- 
sion of, 190 ; inflection of, 233 ; pheno- 
mena of mter erence of, 235 ; theories 
of, 213 ; velocity of, 2t8 ; relation of beat 
to, 227 ; interference of, 229. 

Lightning, why seen, 374. 

Limbus luteus, 398. 

Liquids, rotatory polarisation of, 301. 

Looking glass, effect of, 91. 



M. 



Magic lantern, optical principles of, 519; 
common form, 520; picturifs adapted to, 
522; gas and electric light applied te, 
526. 

Magnifiers for artists, 460 ; pocket, 461. 

Magnifying apparatus of solar microscope, 

5»7- 
Magnifying glass, 452* 

Magnifying power, standard of, 4S3 ; of 
convex lens, 4$; ; superficial and cu- 
bical, 456, 

Mill us, researches of, 226. 

Mean refrHCtion, 19I. 

Media, transparent, 238 ; shigle refhwtftig, 
239 ; double refracting. 240 ; effects of 
uncrystallised, 241 ; effecu of crystal- 
lised, 242. 

Microscope simple, 462; compound, ih.\ 
refracting, 469 ; reflecting, 471 \ how to 
focus, 483 ; Chevalier's, 493 ; Ross's, 
494 ; Smith and Beck's, 495 ; Nachet's 
497 ; Nachet's binocular, 49B ; Nachet's 
\ Vc\v\«, ^D\ 'Haichet'f quadruple, 500 1 
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application of camera lucidii to» 548; 

gas, 534 ; photo-olectric, 536. 
Mirage, 114 ; examples of, 115. 
Mirror, reflection flrom, 41. 
Moon, appearance of vihea rising or set* 

ting, 4x5. 
Motor muscles, 308. 
Mounting of Ctievalier. 467 ; varied forms 

of, 401 ; Frauenhofer's, 49Z. 
Miiller, experiments of, on continuance of 

perception, 38X. 

N. 

Nachet, his microscope, 497; binocular 
microscope, 498 ; triple microscope, 499 ; 
quadruple microscope, 500. 

Nasmjrth, his telescope, 509. 

Noreml>erg, his apparatus for obsenring 
chromi^ic phenomena, 284. 

O. 

Object piece, compound, 475 ; adjusting, 
476; method of renderingat right angles 
to eye piece, 488. 

Obliquity of light, 10. 

Ocular Image, 3x3 ; brightness of, 363. 

Ocular spectra, 370 ; examples of, 39I. 

Optic axes, cases in which not parallel, 
419. 

P. 

Parabolic reflector, 55 ; useftil as burning 

reflector, 58 ; experiment with, 59. 
Parallel rays, m. 
Pencils, principal, 141 ; secondary, ib. ; 

case of secondary, 154 ; aberration of, 208. 
Penujnbra, cause of, 16. 
Perception, continuance of, 381 ; attention 

necessary to, 401 ; visual, 437 ; of colours, 

440. 
Periscopic spectacles, 447. 
Perspective, visual, caused by stereoscope, 

550^ 
Phantascope, 383. 

Phantasmagoriu, 5x4. 

Phenaklstoscope, 384. 

Photo-electric microscope, 536; experi- 
ments with, 538. 

Photometer, XI ; Fumford's, 24; Wheat- 
stone's, X5 ; Ritchie's, x6. 

Photometry, xx. 

Plane of polarisation, rotation of, X9X. 

Plane reflectors, 43. 

Polarisation, angle of, a6x ; by reflection, 
264 ; by double refraction, 271 ; partial, 
zji ; bv successive refraction, 272 ; right 
and left handed, 294 ; routory, 296. 

Polarised light, pruiterties of, 261 ; efl'ects 
of reflection on, 267 ; efl'ects of tourma- 
line on, 273 ; effect of double refracting 
crystal on, 279 ; efl'ects produced by 
transmission of, 282. 

Polarising angle, method of determining, 
265. 

PoUrising photometer, 565. 

Prism, designation of, 118; manner of 
mounting, 119; rectangular used as re- 
flector, 123. 

Prismatic spectrum, 179 ; colours produced 
by, 184 ; analysis of, 196. 



Quadrant, tx. 



R. 

Rays, ordinary and extraordinary, 243. 

Real magnitude sometimes Inferred, 428. 

Reflecting microscope, 471. 

Reflecthig surface, formation of image by, 
50. 

Reflection, 30; irregular, 31 ; regular, 39; 
by elliptic or parabolic surfaces, 60; of 
parallel rays, 62 ; angle of total, no. 

Reflectors, elliptic, 54 ; parabolic, $5 ; ex- 
periment with parabolic, 59 ; spiierical, 
61 ; concave 72 ; convex, 75 ; spherical 
aberration of, 77 ; cylindrical 81 j coni- 
cal, ib. ; blackened glass, 90. 

Refracting angle, 118. 

Reft-acting media, single, 239; double, 
240. 

Refracting microscope, 469. 

Refracting power explained, 127 { absolute 
explained, 128 « eyes of diflterent, 448 ; 
how to determine, of weak eyes, 450. 

Refraction of light, 92 ; law of, 03 ; index 
of, 94 ; indices of, 97 ; table of indices of, 
loi ; how to find index of, 102 ; angle of 
limited, 106; by prisms, 117 ; mean, 191 ; 
axis of double, 244 ; laws of double, 24$. 

Regular reflection, 39 ; law of, 42. 

Relief, cause of appearance of, 412 ; caused 
by stereoscope, 550 ; how efl'ect of pro- 
duced in stereoscopes, 557. 
Retina, 313 ; inverted picture on, 324 ; 
magnitude of image on, 349 ; local sensi- 
bilitv of, 399. 
Rifle shootmg, 10. 
Rock crystal, efl'ect of, 28$. 
Ross, his microscope, 494. 
Rosse, Lord, his lesser telescope, 506 ; his 

greater telescope, 507. 
Rotatory polarisation varies with reflrangl- 
bility, 296; of compound solar light, 
2^ ; of liquids, 301 ; magnetic, 305. 
Rumiord, his photometer, 24. 



S. 

Saccharimeters, 303. 

Scheiner, experiment of, on transparency 
of the humours, 348. 

Seebeck, his experiments on the spectrum, 
203. 

Shadow, 15 ; form and dimensions of, 17. 

Sight, of tire arms, 9 ; causes of short and 
long, 346. 

Simple microscope, 462. 

Single vision, physiological conditions of, 
405. 

Smith and Beck's microscope, 495. 

Solar light, 27 ; diffusion of, 37 ; a com- 
pound principle, 178 ; composition of, 
180 ; law of refraction applied to, 189 ; 
effect of interference of, 232. 

Solar microscope, $27 ; illuminating ap- 
paratus of, 528; magnifying apparatus 
of, 529; adjustment of, 530. 

Spectacles, 444; periscopic, 447; for 
weak sight, 449 ; for near sight, 451. 

Spectral lines, number of, 197 ; bow to 
observe, 198 ; of artificial hght, ib. ; of 
the moon, ib. \ of the planets, ib.; of the 
stars, ib. 
Spectrum, calorific analysis of, 202 i che- 
mical analysis of, 205. 

Specula, 40. 
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Spherical ftberration, of reflectors, 77 ; of 

lenses, 166. 
Spherical reflector, 61 ; principal focos of, 

6j. 
Spherical surfiue, radius of, lao. 
Sphericity, aberration of, 6k, 
Stereoscope, eflTect of explained, 549 ; prin. 

ciple of, $$i; Wheatstone's reflecting, 

554; Brewster's lenticular, 555; mode 

of obtaining pictures for. 556. 
St. Peter's at Rome, optical illusion in, 

T. 

Telescope, 501 ; Gregorian reflecting, 50ft ; 
Cass^rraln's reflecting, 50J ; Newton's 
504 ; Herschel's, 505 ; the lesser Rosse, 
506; the greater liosse, 507: Lassells', 
508 ; Nasmyth's, 509; the Galilean, 510; 
astronomical, 511 ; terrestrial, 51Z ; me- 
thod of determining power of, 517 ; 
mounting of large refracting, 518. 

Thaumatrope, |8j. 

Tourmaline, vju 

Transmission, limit of, no; table, show- 
ing limits of. III. 

Trausparoicy, t ; degrees of, 5. 

Triplet, 464. 

Undulations, table of, 2x3; or homogeneous 
light, z) I. 



Undolatory hypotheses, ii6» 
Uniaxial crystab, %y>. 



V. 

Vision, section of, 356 ; distinctness of, 
358 ; examples, of, 359 ; quickn<>ss of, 
depends on colour, 377 : distinct, limit of 
field of, lot ; why not double, 404 ; phy- 
siological conditions of single, 405; bino- 
cular, 409 ; double, 415 ; defecu in, 441 ; 
case of defective, in Dalton, ib. 

Visible area, 438. 

Visual defects,, remediet for, 445. 

Visual distance, 436. 

Visual magnitude, 350. 

Visual perception, 437. 

Vitreous humour, 318. 



W. 

Wortmann, memoir of, 443. 

Wheatstone, his photometer, 25 ; his re- 
flecting stereoscope, 554. 

Window glass, why obJecU are aaflo 
through, 105. 



Y. 

YouDg, researches or, 215. 
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